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ABSTRACT 

A theory, based on material parameters, is developed for colloidal-

crystal Bragg filters. The coupling constant, for coupled-wave equations, is 

derived to produce filter spectra. The spectra are modified by convolving 

with a Gaussian function to represent crystal defects. Scattering losses are 

calculated to attenuate the out-of-band transmissioiL The theory is tested by 

comparing theoretical spectra with experimental spectra fi-om colloidal-crystal 

Bragg filters fabricated with polystyrene and poly(methyl methacrylate) 

colloid spheres. A novel cell, for containing the colloidal crystal, is presented 

in addition to crystal growing techniques. Coupled-wave theory spectra are 

compared with ejqjerimental filter spectra for filters with variable colloid 

sphere diameters, filter thicknesses, liquid refi-active indices, and Bragg 

wavelengths. Spectral comparisons are based on the notch bandwidth, 

optical density, and out-of-band scattering losses. The bandwidths agree to 

within one nanometer provided the criteria for the Rayleigh-Gans scattering 

approximation are satisfied. The optical densities correlate with 

spectrophotometer-measured optical densities. And, scattering losses 
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correspond to within 10 percent for all material parameters. Thus, the 

coupled-wave theory is consistent with the data and provides an excellent tool 

for evaluating colloidal-crystal Bragg filter performance. 
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1. INTRODUCTION 

1.1 Background 

A colloid is a particle that remains suspended in solution due to 

Brownian motion that results from collisions with fluid molecules. Colloid 

examples include milk (fat globules) and paint (latex particles). The colloid 

particles used in my research are latex, or polymer, spheres that have a net 

negative electric charge. These charged spheres interact via the Coulomb 

force to self-assemble into a crystal lattice, which minimizes potential energy. 

The crystal lattice consists of planes of spheres, and each plane weakly 

reflects radiation. If the spacing between the planes is near half the radiation 

wavelength, then the reflections from all planes will be in phase (constructive 

interference). Consequently, a narrow wavelength range (5-10 nm) of 

radiation cannot propagate through the crystal and will be reflected. This 

reflection from a periodic structure is called Bragg diffraction which filters 

out a segment, or notch, of incident radiation. 
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Making colloidal-crystal filters is an art for which an adequate theory, 

to predict filter performance, does not exist. Moreover, the literature 

provides inadequate filter fabrication instructions. I counter these 

deficiencies by developing a comprehensive theory and providing detailed 

filter fabrication techniques. Before delving into the theoretical derivations 

of Chapter 2,1 will provide some background information on the colloidal 

crystal in this section. To understand these colloidal structures fiirther, the 

history (Sec. 1.2) and applications (Sec. 1.3) will be discussed. Section 1.4 

provides the spectral definitions that I use to define filter performance. The 

last section (Sec. 1.5) provides an overview, or synopsis, of the remaining 

dissertation. 

I am fi-equently asked about the colloidal crystal's composition, or 

what produces the reflected color. I usually respond by comparing colloidal 

crystals to precious opals ̂  or the Bragg diffraction of x-rays by atomic 

crystals. Further questions pertained to the production of monodisperse, or 

uniformly sized, polymer spheres. The spheres are manufactured by a 

process called emulsion polymerization, which is summarized in the following 

paragraph. Appendix A provides a detailed explanation, along with 
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illustrations. 

This summary describes the emulsion polymerization of polystyrene 

spheres, as an example, A solution of styrene monomer is placed in a 

reaction kettle. When conditions are ri^t, a potassium persulfate (K2S20g) 

initiator is added to the kettle. The persulfate initiates the formation of chains 

of styrene molecules (polystyrene) that become entangled, in the presence of 

an emulsifier (surfactant), to form spheres. Larger spheres grow at a slower 

rate than smaller spheres; consequently, the spheres grow to a uniform size. 

Each sphere has 10^ -10"^ covalently bound sulfate flmctional groups (-SO4K) 

which originate from the initiator. These groups ionize in water, and the 

potassium is ion-exchanged with hydrogen, to produce bound negative 

charges (-804") and a cloud of counterion charges (H^ surrounding the 

sphere. These spheres interact via a Coulombic force screened by FT" counter 

ions. The interaction length is defined by the Debye length or the length 

where the charge drops to 1/e from the sphere surface. To minimize energy, 

the spheres organize into body-centered cubic (BCC) or face-centered cubic 

(FCC) lattices which are illustrated in Sec. 2.2. This crystallization results 

from the interaction of the spheres with their next nearest neighbors and also 
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their second and third nearest neighbors. Lattice planes with the largest 

sphere density (number of spheres per unit area) align parallel with the cell 

walls, or windows, of the colloidal-crystal filter. 

1.2 History 

You may be curious about the genesis of monodisperse polymer 

spheres, and how they evolved into colloidal-crystal filters. Through a 

literature review, I deduced the following chain of events. 

Following World War n (ca. 1948), Dow Chemical Company 

manufactured a batch of monodisperse polystyrene spheres that had a mean 

diameter of 259 ran with a 1% coefficient of variation.^'^ These uniform 

spheres proved usefiil as calibration standards for electron microscopy. 

Aqueous suspensions of spheres would dry to form multiple layer arrays that 

exhibited diffraction colors when illuminated with white light.'^ 

Alfi-ey et al. studied the diffraction from these crystalline arrays in 1953;^ 

followed in 1962 by Luck et who analyzed transmission and reflection 

spectra to identify Bragg diffraction. Unfortunately, the bandwidth of the 
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diffracted ligjit was large because the crystalline arrays consisted of large 

spheres that were in contact with one another. 

Crystalline lattices with smaller spheres became possible in 1968 after 

van den Hul and Vanderhoff cleaned sphere suspensions with an ion 

exchange resin to remove ionic emulsifier.^ This cleaning exposed ionized 

sulfate groups, a by-product of the initiator, to produce negatively charged 

spheres that interact via the Coulomb force. The same year, Hiltner and 

Krieger examined the Bragg diffraction from diluted crystallized 

suspensions.^ When diluted with deionized water, the crystal's diffraction 

peak narrowed as it shifted to longer wavelengths. These thick crystals were 

contained in test tubes; consequently, transmission characteristics were not 

realized. 

In 1979, Clark et al. generated a single colloidal crystal by placing a 

charged colloidal suspension in a 1 mm thick quartz cell that was rocked to 

shear the colloidal crystal. They used the diffracted light from a transmitted 

laser beam to analyze the crystal's structure. A few years later (1983), Asher 

recognized the utility of the narrowband notch filter for Raman 

spectroscopy,^' and patented the device.After receiving a U.S. Air 
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Force contract, Asher et al. have gone on to develop solid colloidal-crystal 

filters^'^^^ and nonlinear colloidal-crystal filters.^^'^® 

1.3 Applications 

Polymer spheres have many applications such as calibration standards 

for electron microscopy, optical microscopy, light scattering, 

ultracentrifugation, aerosol particle counting, and electronic particle counting; 

medical diagnostic tests; determination of the pore size of filters and 

biological membranes; stimulation of antibody production; phagocytosis 

studies; flow cytometry standards; spacers for flat panel displays; particle 

imaging velocimetry; laser doppler velocimetry; and many others.^ 

The following applications pertain to colloidal-crystal notch filters. 

Raman Spectroscopy 

The colloidal-crystal notch filter is well suited for Raman 

spectroscopy^ due to the filter's narrow bandwidth (5-10 nm) and large 

optical density (>4). The filter blocks the elastically scattered light while 
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passing the Stokes and anti-Stokes scattered light on either side of the laser 

frequency. The filter was marketed for this purpose in the late 1980's;^'^ 

however, it was reported to be expensive and fragile.^^*^^ Because of these 

problems, holographic Bragg diffraction filters have taken over this 

application.^^'^^ 

Distributed Feedback (DFB) Laser 

Martorell and Lawandy suspended charged spheres in a dye solution to 

create a distributed feedback laser.^^ The dye was pumped with a frequency 

doubled NdrYAG laser and the crystal planes provided distributed feedback. 

Laser oscillations can occur on either side of the notch, depending on where 

the dye has the highest gain. Lawandy has patented this laser as well as other 

colloidal-crystal optical devices.^® 

Second Harmonic Generation (SHG) 

Martorell et demonstrated SHG with a colloidal crystal 

composed of spheres coated with the Malachite Green chromophore. The 

filter's notch was near 532 nm, which is twice the frequency of the NdiYAG 
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pump laser. The phase matching of the fundamental and second harmonic is 

provided by li^t dispersion near the notch wavelength. Their theory predicts 

that the filter's SHG efficiency is comparable to the efficiency of a KDP 

crystal. 

Optical Limiting 

The colloidal-crystal notch filter provides two different methods for 

optical limiting. The first method involves index matching the spheres, with a 

nonlinear liquid, to produce a transparent filter.^® When incident radiation 

changes the intensity dependent reflective index of the liquid, the resulting 

notch will block the incident radiation. The second method also involves a 

Kerr medium in the crystal that causes an already present notch to shift when 

incident radiation intensity increases.^^'^'^ The wavelength of the radiation 

source should be adjacent to the notch which shifts to block the radiation. 

Optical Bistability 

This effect also results firom the notch shifting in a nonlinear filter. 

With the radiation wavelength initially blocked by the notch, an intensity 
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increase will shift the notch away to unblock the radiation. By ran^)ing the 

incident intensity up and down, the transmitted intensity will exhibit a 

hysteresis curve.^"^'^^ Other nonlinear phenomena, such as self-pulsing and 

chaos, can be produced with nonlinear colloidal-crystal filters.^'^'^^ 

Photonic Band Gap Studies 

Althou^ colloidal crystals do not exhibit complete photonic band 

gaps, they do have photonic stop-bands, or notches, which inhibit 

spontaneous emission.^^ Also, photonic band structures (colloidal crystals) 

exhibit dispersion near the band (notch) edges.^^ Tarhan et al. explore the 

conditions necessary to create a complete photonic band gap by using Kossel 

ring analysis/^ 

1.4 Spectral Definitions 

When discussing transmission spectra, I need to establish a convention 

to describe the spectral characteristics (Fig. 1.1), which assumes no 

absorption. The scattering loss (SL) is the difference between 100% 
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Fig. 1.1 Characteristics which define the transmission spectrum are 
bandwidth (AA), optical density (00), and scattering loss (SL). 

transmission and the line extrapolated between the shoulders of the notch. 

The bandwidth (AA) is the fiill width of the notch, midway between the 

scattering loss line and the bottom of the notch. Finally, the optical density 

(OD) is defined as the negative base-ten logarithm of the transmission at the 

cen te r  o f  t he  no tch ,  o r  OD = -  log (  T) .  

Scattering Loss 

Bandwidth 

Optical Density 
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1.5 Synopsis 

The ejqjeriments mentioned in the applications section (Sec. 1.3) 

require theoretical filter evaluation prior to fabrication in order to optimize 

filter performance. I will provide the theory necessary for generating and 

evaluating transmission spectra. This spectral evaluation was made possible 

by the derivation of the coupling constant for the coupled-wave equations. 

My approach is simple. In Chapter 2,1 develop the theory to produce filter 

spectra. In Chapter 3,1 describe how to make the filters. I conclude with 

Chapter 4, which compares theoretical spectra with filter spectra. 

The appendices provide supplementary reference material. Appendix 

A illustrates emulsion polymerization, and ionization of polymer spheres. 

Appendix B describes the charge-coupled device (CCD) spectrophotometer, 

which I used to measure filter spectra in Chapter 4. Addresses of the 

companies, who supplied the materials for filter fabrication, are listed in 

Appendix C. Various refiractive indices, densities, and other physical 

parameters of filter materials are provided in Appendix D. 
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2. THEORY 

2.1 Introduction 

It is essential to have a quantitative theory, based on crystal materials, 

that provides spectral characteristics of colloidal-crystal filters. Just as the 

matrix method is needed to evaluate thin-film filters, a numerical technique is 

required to predict the performance of colloidal filters. To this end, I have 

developed the theory necessary to produce filter spectra based only on the 

physical parameters of the crystal such as the spheres' diameter and refi-active 

index, the suspending liquid's relS^ctive index, and the filter's thickness. 

Since my theory is comprehensive, it supplants prior theories, which are 

summarized in the following paragraphs. 

Spry and Kosan used dynamical x-ray diffraction theory and light 

scattering theory to develop expressions for a filter's bandwidth and optical 

density.They used Zachariasen's'^^ thick crystal limit for ideal crystals, 

which does not substantially affect bandwidth calculations but is not suitable 
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for optical density calculations. Real crystals exhibit much lower optical 

densities than ideal crystals. Also, their ejqjressions only apply to FCC 

lattices, and they did not obtain scattering losses from their theory. 

The theory by Rundquist et alf'^ also involves light scattering theory 

and x-ray diffraction theory in the thick crystal limit with absorption effects. 

The absorption effect reduces the optical density of the ideal crystal to a more 

realistic level; however, absorption is negligible for dielectric spheres in 

nonabsorbing liquids. Their spectral expression in the thick crystal limit (no 

trigonometric functions) does not generate side lobes; however, colloidal 

crystal filters do have side lobes that are difficult to experimentally 

resolve.^'^'^^ The major problem with their theory involves curve fitting to get 

their theoretical spectra to match experimental spectra; consequently, their 

theory cannot be used to predict filter performance. Also, their theory 

provides the diffraction spectra rather than the transmission spectra, and it 

does not include scattering losses. 

The last contending theory for predicting colloidal crystal performance 

was reported by Herbert et They used coupled-wave theory and 

adjusted the coupling constant to fit theoretical spectra to ejqjerimental 
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spectra; consequently, their theory is essentially a curve fitting program and 

cannot predict filter performance. Moreover, their theory does not account 

for scattering losses. The benefit of coupled-wave theory derives from the 

trigonometric functions that generate side lobes, and Herbert experimentally 

resolved the side lobes with a tunable dye laser. 

To develop a comprehensive theory, I combined coupled-wave theory, 

dynamical x-ray diffraction theory, and light scattering theory to create a 

numerical technique that predicts the performance of colloidal-crystal filters. 

In Sec. 2.2,1 describe Bragg's law, which states the fundamental condition 

for dififraction. In Sec. 2.3, coupled-wave theory provides the basic notch 

spectrum, which will be modified in the following sections. The coupling 

constant, unique to colloidal crystals, is derived in Sec. 2.4 for the coupled-

wave equations. In Sec. 2.5, the coupled wave spectrum is convolved with a 

Gaussian fimction, whose width is proportional to crystal imperfection. 

Finally, Sec. 2.5 describes the fimction for scattering loss that reduces the 

transmission outside the notch to decrease the notch contrast. 
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2.2 Bragg's Law and Lattice Structure 

A colloidal crystal, employed in a notch filter, functions as a distributed 

feedback structure with planes of spheres providing the feedback. Bragg 

diffraction occurs when the spacing between the planes is approximately half 

the wavelength of incident ligjit that satisfies the Laue equation, 

G  =  P ' - P .  ( 2 . 1 )  

Fig. 2.1 illustrates this relation where the reciprocal lattice vector 

2 TZ 
( I G1 = — ) is normal to the planes and the wave vectors 

d _ 

(  I P I  =  I P 1  =  )  a r e  a t  e q u a l  a n g l e s  ( 0 )  w i t h  r e s p e c t  t o  G. The 

distance between planes is d, Ag is the Bragg wavelength in a vacuum, and n 

is the average, or composite, crystal refractive index defined by 

n  = +n^^{ \  -  ̂ y ) .  (2.2) 

This is the average index of the spheres (n^) and the suspending liquid (n^). 
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Fig. 2.1 Illustration of the Bragg condition. Incident light (3) is diffracted (|3') by 
planes defined by the reciprocal lattice vector (G). 

obtained by weighting with the sphere volume fraction (<t)y). 

The Laue equation can be transformed to the familiar Bragg equation 

by taking the vector dot product of Eq. 2.1 with the unit vector normal to the 

Q 
planes ( « = ): 

i c r  

cos 0. (2.3) 
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Here, the usual sin 0 is replaced by a cos 0 term, since I am referencing the 

angle from the normal rather than parallel to the planes. This provides a 

consistency with the angles in Snell's law, which may be used to determine 

the angle in air given the angle in the crystal and vice versa. Discussing the 

angle may be irrelevant since all my calculations and experimental data will 

constrain li^t to normal incidence (0 = 0°). 

Crystal planes with the largest sphere density, or number of spheres per 

unit area, will always align parallel to the cell wall. For the body-centered 

cubic (BCC) lattice, the (110) planes have the largest density as shown in Fig. 

2.2(a) with the darkened balls. The spheres have the diameter and the 

cube has a lattice constant a. Figure 2.2(b) shows an array of BCC unit cells 

to illustrate the array of planes with spacing J. In a similar manner. Fig. 2.3 

shows a face-centered cubic (FCC) cell and lattice. The FCC's (111) planes, 

which have the largest sphere density, align parallel to the cell wall. 

The sphere volume fraction, used to calculate the crystal's refractive 

index, also determines the spacing (d) between sphere planes. Consequently, 

Bragg's law can be ejqjressed in terms of volume fraction and will be used in 
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Fig. 2.2 (a) Body centered cubic (BCC) unit cell with the spheres 
in the (110) plane darkened, (b) Array of BCC unit cells illustrating 
the distance (d) between planes of spheres. The darkened balls 
are at the comers of the cubes. 



Fig. 2.3 (a) Face centered cubic (FCC) unit cell with spheres in 
the (111) plane darkened, (b) Array of FCC unit cells illustrating 
the distance (d) between planes of spheres. The darkened balls 
are at the comer of the cubes. 



30 

Chapter 3 for making notch filters at a prescribed wavelength. Rewriting Eq. 

2.3 with the average crystal index, the Bragg condition becomes 

(2.4) 

assuming the light is at normal incidence. The plane spacing (d) remains to 

be solved in terms of volume fraction \d(^v)^' 

BCC and FCC lattices have similar expressions for d(<Py) which differ 

by a constant factor; consequently, I will derive the expression for the BCC 

lattice and list the results for the FCC lattice in a summary table. The BCC 

unit cell [Fig. 2.2(a)] has a diagonal length of 2<i in the (110) direction which 

implies d = —, after some algebraic manipulation. The unit cell volume is 

, and the volume of a sphere is — El 
\ 2 

. With two spheres per unit 

cell, the volume fraction is simply the sphere volume divided by the unit cell 

volume. 

2 • —TU 
3 2 j 

id^)- (2.5) 

= 0.370 
I d 
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Rearrange terms to obtain the distance between planes as a flmction of 

volume fraction (see Table 2.1), and substitute this ejqjression into Eq. 2.4 to 

get the Bragg wavelength in terms of the sphere volume fraction for the BCC 

lattice. 

where 

kg = Bragg wavelength (nm), 
= sphere volume fraction, 
= refractive index of the colloid spheres, 
= refractive index of the suspending liquid, 
= diameter of the colloid spheres (nm). 

You can derive the corresponding equation for an FCC lattice by using the 

parameters in Table 2.1, or simply replace the numerical constant in Eq. 2.6 

with 0.403. 

In Chapter 3,1 will show how to dilute a stock suspension of spheres 

to the proper volume fraction to obtain a notch filter at a prescribed 

wavelength. Before that presentation, the theories in the next sections 

0.370 (2.6) 
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determine other characteristics of a colloidal filter. 

Table 2.1. Summary of parameters for BCC and FCC lattices. 

BCC FCC 

Number of spheres per 2 A 
unit cell 

Plane spacing id) 
a a 

2 - ^ K  
3 

' Ds 

2, 

3 
. 4 
4 * —TT 

3 2, 

3 

( d ^ f  

Volume fraction 
or or 

0.370 
V 

Ds 

dj 

3 / 

0.403 
V 

Ds 
d] 

3 

Plane spacing [ ( 0.370 
$ V 

\ 1 
f 0.403 

$ 

1 

/ 
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23 Coupled-Wave Theory 

It is customary to analyze distributed feedback structures with coupled-

wave theory, which is widely used in the literature, and Southwell provides a 

concise and thorou^ derivation of the reflectance function starting from 

Maxwell's equations.'^^ I will provide an overview of this derivation for the 

reflectance and transmittance fimctions with a sinusoidal (rugate) index 

perturbation-

I start with Maxwell's equations to derive the wave equation without 

currents (J = 0), with magnetic permeability of free space (^i = n^), and 

assume a monochromatic plane wave propagating along the z-axis, 

where n(z) is the refractive index; c is the speed of light; and E(z,t) is the 

electric field. Substitute an electric field consisting of forward (£^) and 

backward (Eg) propagating plane waves. 

d^E(z,t) _ f n(zy ^ d^E{z,t) ^ ^ 

d z ^  \ ^ 

(2.7) 

E{z,t) = (2.8) 
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and a sinusoidal refractive index perturbation. 

n{z) = n + A«cos(2Pgz). (2.9) 

The parameters in Eqs. 2.8 and 2.9 are temporal frequency ( O )  = 2TU/V), 

wave number ( p = Inn/X), average refractive index ( n), index modulation 

amplitude ( A«), and Bragg wave number ( = Inn/X^). 

Use the slowly varying envelope approximation (SVEA) and collect 

terms of the appropriate spatial frequency to get the following differential 

equations: 

dE 
-  = i K E ^ e  

dz 
(2.10a) 

dz 
(2.10b) 

where the detuning from the Bragg wavelength is 

A p  =  p - p g  =  2 i l n  l - ±  ,  

\ 

(2.11) 
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and 

Pa 
K = -4— (2.12) 

2 n 

is the feedback per unit length or coupling constant. The solutions of the 

coupled-wave equations (Eqs. 2.10), with boundary conditions Ep(0) = 1 and 

Es(L) = 0, are^^'^^ 

E  ( O ) e ' ^  
c .,„,(APsii'h[S(2-i-)]^i.Scosfa[5(z-£)]} 

-Apsinh(5Z) + z5cosh(5Z,) 

(2.13a) 

E  (0) i K e  

~ -APsinh(5I) + /5cosh(5Z) (2.13b) 

where 

S = )/k^- Ap2. (2.14) 

The coupled-wave theory (CWT) equations for the reflection and 

transmission spectra are 



36 

^ _ \E,m^ _ ^2 

1£^(0)P Ap2 + S^C0th\SL) 
(2.15a) 

^ 

^cwT "TTTTTTJZTT I £^(0)1^ Ap^sinh^(5I) +5'^cosh^(5Z) 

52 
(2.15b) 

It can be shown that R + T = 1, which demonstrates conservation of energy. 

Also, the expression for reflection (Eq. 2.15a) has the identical form of the 

x-ray diffraction equation derived by Zachariasen for atomic crystals.'^^ Of 

course, both the coupled-wave and the x-ray diffraction equations assume 

zero absorbance, which is the case for polymer colloidal filters. 

Figure 2.4 represents a coupled-wave spectrum with an arbitrary 

coupling coefficient. The side lobes, on either side of the notch, are typically 

not resolved for filters greater than 100 ^im thick. I assume this led 

Rundquist et to use a smoothed version of the diffraction equation, 

which is considered the thick crystal limit. I smooth the side lobes by 

convolving the spectrum with a Gaussian fimction, a technique that will be 

presented in Sec. 2.4. But fiirst, I will derive the coupling constant for a 

colloidal crystal in the next section. 



37 

0.8 

§ 0 6  
CO 

E 
CO 

§ 0.4 
I— 

0.2 

i 

\l 

640 645 650 
Wavelength (nm) 

655 660 

Fig. 2.4 Coupled-wave spectrum. 
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2.4 Coupling Constant 

I cannot use the coupling constant for sinusoidal refractive index 

perturbations since the crystal perturbation consists of discrete spheres, which 

create a 'lumpy' index profile. One method for determining the coupling 

constant involves dynamical x-ray diffraction theory described by 

Zachariasen;'^^ unfortunately, he approximates the crystal refractive index to 

be near unity for x-rays, which is not applicable in colloidal crystals at optical 

wavelengths. Also, his mathematical derivation is lengthy compared to the 

following method, and the results are similar. The principal premise of my 

approach involves dividing the diffracted field amplitude by the incident field 

amplitude after encountering one plane of spheres, which is the spatial period 

of the crystal. This is the definition of the coupling constant: feedback per 

unit length. 

In the same manner as with coupled-wave theory, I start with the SI 

version of Maxwell's equations rather than Gaussian or c.g.s. units in 

Zachariasen,"^^ 

V x H = J ^ - —  ( 2 . 1 6 )  
dt 
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V x E  =  - — .  ( 2 . 1 7 )  
dt 

To simplify the calculation, assume no currents (J = 0 ), permeability of free 

space (B = jIQH ), and the crystal is isotropic ( D = €^[1 + x(**)]E ). The 

total electric field consists of the incident field (Ep) and the diffracted field 

(Eg) whose amplitudes are constant, independent of z, in the following vector 

representation, 

E = E{rt) = + Eg (2.18) 

Take the curl of Eq. 2.17 then insert Eq. 2.16 to get the wave equation, 

V x V x £  =  - n ^ e o L l  ( 2 . 1 9 )  
dr 

I attack Eq. 2.19 by expanding each side of the equality independently 

and combining them later. The left side of Eq. 2.19 becomes 

V x V x i ?  =  - ( p x p x £ ^ ) e - ' ( " ' - P ' ' ' )  -  ( p  x p  x £ ^ ) e - ' ( " ' ^ P ' ' )  

(2.20) 
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with the vector identity [ A x (B x C) = B(A-C) - C(A*B) ] and propagation 

along the z axis ( p • r = Pz). Also note, the field vectors are perpendicular 

to the propagation vectors ( P • E = 0 ) since the crystal is isotropic. 

Now expand the ri^t side of Eq. 2.19. The susceptibility, which is 

periodic, can be expanded in a Fourier series, 

X(r) = E (2.21) 
G 

of which only the fundamental frequency, |G| = 2Pb = 2p, will be considered, 

X(^) = (2.22) 

The right-hand side of Eq. 2.19 now becomes 

(2.23) 
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where k = (o/c. 

I regroup Eq. 2.19 by equating Eqs. 2.20 and 2.23, and collecting terms 

of frequency e''P^ to obtain 

= k^{E^ ^ XaEr)- (2.24) 

Taking the dot product with Eg and using produces 

£i = , (2.25) 

where cos(Q = -cos(20) in terms of the incident angle (0). I am only 

concerned with the magnitude of the coupling coefficient, since it is squared 

in Eq. 2.15, and consider only normal incidence; consequently, the cos(^) 

term will be ignored. A factor of the coupling coefficient is the ratio of 

electric fields (Eq. 2.25) which I will later divide by the lattice period id) to 

get the proper units of reciprocal length. But first, the term with most of the 

key parameters of the colloid crystal, Xc evaluated. 

The macroscopic susceptibility (x^j) is related to the particle 
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polarizability (a) by ,44 

(226) 
^ 1 -{Na/3e,)' ^ ' 

The number density (N), or the number of spheres per unit cell, must be 

modified to account for the crystal structure. An appropriate form of the 

number density is the structure factor of the unit cell divided by the cell 

volume,"^^ 

F M M  =  -  =  — f ,  (2.27) 
yy 

where the structure factor ( F )  is the number of spheres ( M )  per unit cell 

multiplied by the form factor (f), a scattering property of the spheres. At this 

point, I must digress to justify and obtain the appropriate form factor from 

light scattering theory. 

The approach for determining the form factor follows Rayleigh-Gans 

theory"^^ since the spheres are too large for Rayleigh theory and Mie theory is 

too involved. Rayleigh-Gans theory has three requirements: 
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a) The relative refractive index {m = n^l n^)\s close to unity, 

\ m - \  \  « 1. (2.28a) 

b) The phase shift of the scattered light is small, ^ D^\m - \ \ (( 1. 

With p = iTznJ X,\X can be rewritten as 

« 1. (2.28b) 

c) The extinction or scattering eflBciency is small, 

1. (2.28c) 

In Sec. 2.5,1 will use the scattering efficiency to determine scattering losses. 

The preceding requirements are reasonably satisfied with polystyrene spheres 

(«^ = 1.6j in water {n^ = 1.333), and are exceptionally fulfilled with higher 

index liquids that yield a relative index close to unity. 
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Raylei^-Gans scattering is simply the Rayieigh scattering amplitude 

multiplied by the form fector,"*^ 

where m = P sin(0/2), and 0 is referenced from the propagation 

direction. This is the form factor specified in Eq. 2.27, and has the property 

of always having unity magnitude in the forward direction (0 = 0°) and 

variable magnitude in the backward direction (0 = 180° ). For determining 

the coupling coefficient, I only consider the backward direction. 

The remaining parameter in the susceptibility equation (Eq. 2.26) is the 

particle polarizability. van de Hulst"^^ specifies the polarizabUity for a sphere 

as 

3 f = G{u) = — [sinu - u cos u ), (2.29) 

a = 4 TC € (2.30) 
n [ 2 

which was converted to SI units with the Ane^ factor. 

I have established the feedback for a plane of spheres en route to 
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detennining the coupling constant; however, the constant must have units of 

reciprocal length. When ligjit propagates throu^ the lattice, it traverses a 

length d for every sphere plane encountered; however, the unit cell volume 

was used to calculate the susceptibility. What is the effective length of a unit 

cell? By dividing the volume of the unit cell by the projected area, as seen by 

the propagating light, the effective length is again the spacing between 

sphere planes. This calculation holds true for both BCC and FCC lattices 

where the (110) direction is perpendicular to the BCC planes and the (111) 

direction is perpendicular to the FCC planes. 

To corqjlete the coupling constant derivation, I will bring together all 

the various components to provide a single equation for ic The initial 

equation for the coupling constant is Eq. 2.25 divided by the plane spacing 

[d = X^IC2W)l 

^ _ 1 _ 2 n Xg 

d Ep nl - I 

Further expansion of Xg yields: 
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n ' - l  1 - ^ / 3  
(2.31) 

where 

K = 

= 

^s = 

M = 

V = 

u = 

P» = 

D s -

m = 

Au (SUlM - I/COSM) 
V + 2 

f ^ \ 
D 

liquid refractive index, 

Bragg wavelength (m), 

number of spheres per unit cell, 

unit cell volume (m^), 

2-KnJXg, Bragg wave number (1/m), 

sphere diameter (m), 

n ^ l n ^ ,  s p h e r e  i n d e x  d i v i d e d  b y  l i q u i d  r e f r a c t i v e  i n d e x .  

Martorell and Lawandy^^ derived a coupling constant expression to 

determine the oscillation threshold for a coUoidal-crystal laser. Their 

expression is similar to Eq. 2.31, but contains many approximations and is 

missing a few parameters, such as the l/(nL^ - 1) term In the present form, 

their coupling constant could not be used in the coupled-wave equations; and 

they did not attempt to use it. 
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Figure 2.5 shows the effect of sphere diameter and liquid refractive 

index on the coupling constant The curves were calculated with polystyrene 

spheres ( Dg = 98 nm, n^ = 1.6 ), a Bragg wavelength of 650 nm, and at 

normal incidence. Either a small index difference or small spheres decrease 

the coupling constant. A smaller coupling constant produces a narrower 

notch bandwidth, and of course, a smaller optical density. 
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Fig. 2.5 Coupling constant as a function of sphere diameter for polystyrene 
spheres. The three curves represent liquid refractive indices of 1.333 (water), 
1.4, and 1.5. 

1.331 
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2.5 Spectrum Convolution 

The calculations in the preceding sections assumed a perfect crystal 

lattice, or what is called a single crystal. This inqjlies identical spheres at 

every lattice site, and no displacements from these sites. Unfortunately, a 

single crystal is difiScult, if not impossible, to achieve with colloidal particles 

for a couple of reasons. First, the spheres are not perfectly monodisperse or 

uniform in size. The percent coefficient of variance (standard deviation 

divided by sphere diameter times 100) can be as large as 10%, which leads to 

a variation of sphere charge. Second, growing the crystal is difficult due to 

the many problems with temperature, sphere charge, and ionic contaminants; 

which frequently lead to polycrystalline lattices. Consequently, the spectra of 

imperfect crystals will not exhibit the fine structure, such as side lobes found 

in ideal crystals, and the optical density of the Bragg notch will not be as 

large. Equation (4.18) in Zachariasen'^^ implies the convolution of the 

diffracted energy with a Gaussian function to represent a mosaic, or 

imperfect, crystal. To emulate the effects of an imperfect crystal, I convolve 

the coupled-wave spectrum with a Gaussian fimction. This smears out the 

side lobes and reduces the optical density. 
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I use the algorithm in Numerical Recipes'^^ to compute the convolution 

numerically, which involves multiplying the Fourier transforms of the two 

fiinctions then performing the inverse Fourier transform on the product. The 

algorithm employs the Fast Fourier Transform (FFT) which requires a 

discretely sampled flmction with an integer power of two (2°) data points. 

Considering data storage requirements and calculation time, I choose 1024 

data points. The computer program holds the data in arrays with indices of 1, 

2, 3, , .., 1024 that I call array index space; subsequently, I must map the 

CWT spectrum and Gaussian function between wavelength space and array 

index space before and following the convolution. 

I define the Gaussian function in wavelength space, 

g { X )  = (2.32) 

where Cy is the area normalization constant; o is the standard deviation; and 

the flmction is centered on the Bragg wavelength (A,b). The full width at half 

maximum (FWHM), approximately 2a, of the Gaussian determines the 

degree of crystal in^erfectioiL I specify the standard deviation in wavelength 
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space then map the Gaussian to array index space where the area is 

normalized [Fig. 2.6(a)] before the convolution. The Gaussian must have an 

area of one in this coordinate system, so a very narrow Gaussian (delta 

function) leaves the coupled-wave spectrum unchanged. Figure 2.6(b) shows 

the Gaussian function after being mapped back to wavelength space. 

Before the convolution, the CWT spectrum is mapped to array index 

space and inverted ( Rcwt — I - Tqwt ) represent the reflection spectrum-

Following convolution, the procedure is reversed: flip the convolved spectrum 

( T^con " ̂  - Rqon ) wavelength space. Note the subscript, 

CON, which represents the convolved spectrum. 

Figure 2.7(a) compares the coupled-wave theory (CWT) spectrum, 

from Section 2.2 (Fig. 2.4), with the convolved spectrum. The convolved 

spectrum no longer has side lobes and the FWHM bandwidth is slightly 

larger. Also, the optical density, illustrated in Fig. 2.7(b), decreases. These 

are the changes you would expect from the deformity of an ideal crystal due 

to lattice defects. The next section deals with transmission losses due to light 

scattering from the spheres. 



51 

0.01 

0.008 

0.006 

Q. 
E 
< 0.004 

0.002 

1024 0 512 
Array Index 

0.01 

0.008 

0 T3 3 
0.006 

Q. 
E 
< 0.004 

0.002 

650 660 640 645 655 
Wavelength (nm) 

Fig. 2.6 Gaussian function, (a) The Gaussian area is normalized 
in array index space, (b) The standard deviation is specified in 
wavelength space. 



52 

0.8 

c g 
CO 
OT 
E 
CO 

c 
CQ 

0.6 

0.4 

0.2 

1 

f I 

\ j 
J 

640 645 650 655 
Wavelength (nm) 

660 

c 
g 

"co 

"E 
CO c 
CD 

0.01 

0.001 

0.0001 
640 645 650 655 

Wavelength (nm) 
660 

Fig. 2.7 (a) Original CWT spectrum and the convolved, or smoothed, 
spectrum, (b) The logarithmic transmission scale shows how the 
optical densify decreases after convolution. 



53 

2.6 Scattering Losses 

A particular disadvantage of having a distributed feedback structure 

made of spheres is that ligjit scatters in all directions rather than just the 

forward and backward directions. Figure 2.8 shows the incident radiation 

(Iq) and the resulting scatter from a sphere in the Raylei^-Gans 

approximatioEL My initial assumption is that all the transverse scattered 

radiation is lost. To implement this hypothesis, I factor a 'sind' term into the 

extinction coefficient calculatiorL This scattering loss, which attenuates light 

transmission outside the notch, lowers the notch contrast. 

Fig. 2.8 Radiation impinges on a colloidal sphere and scatters in 
the Rayleigh-Gans approximation. 



54 

van de defines the scattering loss as a fimction of length (Z) by 

e"^^, where y is the extinction coeflBcient, 

(2.33) 

The factors in the extinction coefficient are the number density from Eq. 

2.27), the projected area of the sphere and the extinction eflBciency 

factor (Qext) which is the same as the scattering efficiency factor (Qsca^ 

since the spheres are nonabsorbing dielectrics. 

van de Hulst derives the efficiency factor from the equation for 

scattering intensity. 

where the parameters are incident intensity (7^), wave number (p), sphere 

volume (f^^), index ratio (m = n^/rij), radial distance (r), form factor {G(u)\ 

and the angle from the forward direction (0). This equation was used to 

generate the scattering diagram in Fig. 2.8. To derive Qsca^ integrate Eq. 

(2.34) 
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2.34 over a spherical surface and divide by the projected area of the sphere to 

find 

G\u) (1 + cos^0) sin0 dQ , (2.35) 

where 

p = 27u«^/A, wave number (1/m), 

= liquid reflective index, 

X = wavelength (m), 

m = n^lsphere reflective index divided by liquid reflective index, 

3 G{u) = — (sinw - MCOSM), form factor, 

u = pD^sin(0/2), 

= sphere diameter (m), 

0 = angle fl'om forward direction. 

I want the transverse component of the scattered radiation for determining 

losses, so I factor in another sind term into the integral before integrating. I 

evaluate the integral numerically, using the Trapezoidal rule,'^^ for every 
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wavelength when computing a transmission spectrum. 

Additional losses, such as Fresnel reflections from the two air-glass 

interfaces, must be considered. Since I am assuming normal incidence, 

polarization effects will be ignored and the general intensity reflection from 

one interface is 

\ + n. 
(2.36) 

where kq is the glass refractive index. The Fresnel reflections from the glass 

to colloidal crystal interfaces are neglected due to the close index match of 

the glass and colloidal crystal. 

The transmission equation becomes the convolved transmission 

multiplied by the loss factors; however, this scattering loss exceeded 

ejqDerimental scattering loss. The additional loss made sense, because van de 

Hulst assumed an amorphous sphere suspension, not a crystal, when deriving 

his extinction coefiBcient. I have to consider multiple reflections, or multiple 

scatter, in the crystal structure. In an ad hoc manner, I halved the scattering 
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coeflBcient, which provided agreement between theory and ejqieriment. 

The final transmission fimction becomes 

-iL 
T SCA = - R,f e ^ (2.37) 

which is shown in Fig. 2.9 and contrasted with [fi-om Fig. 2.7(a)]. 

Note that the transmission outside the notch is not near 100% as before. 
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Fig. 2.9 Scattering loss spectrum shows decreased transmission 
outside the notch when compared to the convolved spectrum. 
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2.7 Summary 

The old colloidal-crystal theory only provides bandwidth for FCC 

lattices. I have derived, for the first time, the complete coupling constant for 

BCC and FCC lattices. The coupled-wave theory (CWT) spectra can be 

convolved with a Gaussian to account for crystal defects. This is the first 

application of scattering theory to reduce the colloidal crystal's transmission 

and permits the analysis of the notch contrast. 
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3. FILTER FABRICATION 

3.1 Introduction 

Considering that colloidal-crystal filters have existed for over a 

d e c a d e , ' ^  y o u  w o u l d  e ^ e c t  t h e  l i t e r a t u r e ,  e s p e c i a l l y  t h e  p a t e n t s , t o  

provide fabrication techniques. However, I found the information inadequate 

for making a homogeneous crystal in a robust cell. My technique is simple; it 

does not require complex phase diagrams or elaborate equipment to transform 

the microsphere suspension into a single crystal. Through trial and error, I 

discovered fabrication techniques and will use this chapter to describe them in 

detail. 

The microspheres, as delivered by the suppliers, must be cleaned and 

concentrated by a procedure described in Sec. 3.2 to produce the stock 

suspension. A novel cell design, illustrated in Sec. 3.3, provides an inert, 

hermetically sealed chamber for the colloidal crystal. The Coulombic force, 

between the charged spheres, is qualitatively adjusted with ionic impurities in 
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Sec. 3.4 before assembling the filter in Sec. 3.5. Three techniques for 

growing crystals are discussed in Sec. 3.6. 

3.2 Preparation of Microsphere Stock Suspension 

Monodisperse latex microspheres are produced by emulsion 

polymerization (App. A) and marketed by several suppliers such as Duke 

Scientific, Seradyn, Bangs Laboratories, Polysciences, and Interfacial 

Dynamics Corporation (App. C). The microspheres, or 'spheres' for brevity, 

firom Bangs Laboratories were found to have the best quality with respect to 

monodispersity and large sphere charge. I used two different types of spheres 

in this dissertation: 98 nm diameter (3 nm standard deviation) polystyrene and 

100 nm diameter (12 nm standard deviation) poly(methyl methacrylate) or 

PMMA. 

Typically, the suppliers deliver their polymer spheres in a 10% solids 

aqueous suspension, which also includes impurities such as surfactant and 

unpolymerized monomer. Figure 3.1 shows a 100 ml bottle of 98 nm 

polystyrene spheres along with a dialysis flask in which they are initially 
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cleaned. To clean the microspheres, I transfer (with a polyethylene pipette) 

10 to 15 ml of the suppUer's suspension into a dialysis tube, which is sealed 

with clamps on each end. The Spectra/Por 4 cellulose membrane has a 

12,000 to 14,000 molecular weight cutoff (MWCO) which correlates to 

approximately three nanometers.'^® I place the dialysis bag in a flask 

containing distilled water with about three heaping teaspoonsful of Amberhte 

MB-1 monobed ion exchange resin (App. A) from Rohm and Haas (App. C). 

Fig. 3.1 Supplier delivers microspheres with 10%, by weight, solids in a plastic 
container. The suspension should be cleaned of impurities in a dialysis bath. 
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I dialyze the microspheres for a couple of weeks, and change the water and 

ion exchange resin every couple of days, periodically agitating the flask to stir 

up the resin. Initially, the suspension is milk-white in color and gradually 

becomes translucent as the spheres become charged to form a semi-glassy 

state. Toward the end of the cleaning process, I do not change the water or 

resin, but add about three heaping teaspoonsful of resin each day until the 

dialysis bag is immersed in resin. After about a week of immersion, I remove 

the dialysis bag from the flask and compress it to concentrate the spheres. By 

concentrating the spheres, more diluent can be added to the stock suspension 

to control the filter's liquid refractive index. 

Figure 3.2 illustrates how I compress the dialysis bag. I lay the dialysis 

bag on a Teflon® block; fill the beaker with deionized water to cover the 

block; then carefully place resin to the side of the block. To compress the 

bag, I position a smaller beaker, fiill of water, onto the bag; and fill the larger 

beaker to the top with deionized water, being careful not to disturb resin. The 

water in both beakers will evaporate over time; so I cover the beakers with a 

plastic bag and inspect water levels daily. 

The compression is complete when the bag is flattened to about half or 
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Fig. 3.2 Compressing dialysis bag to concentrate microspheres. 

a third of its initial volume which yields a concentration of 20-30% solids. I 

wear latex rubber gloves when handling the bag to prevent contamination; 

and pipette the stock suspension into a 13 ml polyethylene tube with an 

airti^t lid. I lodge a damp cotton ball under the lid and away from the 

suspension to keep the air humid. Before diluting the stock suspension for 

filter production, I need to quantify the sphere weight firaction 
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I ascertain from the Bragg wavelength of a pilot filter. To make 

the pilot filter, I dilute the stock suspension, with deionized water, until its 

iridescent color is near the target wavelength, then follow the procedures in 

Sections 3.4, 3.5, and 3.6 for making a filter. The filter is characterized by 

measuring the spectrum with a CCD spectrometer (App. B), and using Kossei 

ring analysis'*^ to determine the crystal lattice (BCC or FCC). Given the 

Bragg wavelengdi from the filter spectrum, I solve Eq. 2.6, using the Newton-

Raphson technique,for the volume fraction. 

= sphere volume 
sphere volume + diluent volume 

W 
' $ 

65 ; 
(3.1) 

W 

( \ 

fv + W(\ - ^ 

where 

= sphere volume fraction in pilot filter, 
= sphere weight flection in concentrated suspension, 
= sphere density, g/ml, 

W = weight of concentrated suspension, mg, 
Vj^ = diluent volume, ^1. 
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is the only unknown in Eq. 3.1 and can be isolated to show; 

(b = 
^ f F  

W +  V r  

w 
^  ^ y Q s  65 

(3.2) 

I use the weight fraction rather than volume fraction for my stock suspensions 

because all my fluid measurements are made by weight on an analytic 

balance. 

3.3 Cell description 

There are several requirements for the cell, which holds the colloidal 

crystal. First, it must be flat and thin, on the order of 50 jim to 1 mm thick. 

Second and most obvious, it must have transparent sides if it is to be used as 

a transmission filter. Third, it must be hermetically sealed to prevent liquid 

evaporation. Fourth and most important, the cell cannot leach ions or 

otherwise chemically react with the colloidal crystal. 

Various cells are described in the literature. Asher's patent^^ provides 
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a cell sketch, but does not specify its construction or how it is sealed- An 

Asher associate^ ^ reports a cell, con^osed of plexiglass plates with a Teflon® 

spacer, sealed with epojQ^. Herbert,^"^ and Martorell and Lawandy,^^ used a 

similar cell constructed from what appears to be two microscope slides, one 

of which has a recessed surface to form a 100 ^im well. This quartz cuvette is 

sealed with parafilm or wax, and provides a stable crystal cell for three 

weeks.^"^ Hurd et provides the most elaborate cell design with clamped 

quartz windows separated by a silicone rubber O-ring. Unfortunately, the cell 

must contain an air bubble to permit O-ring compression, and the air bubble 

will move around to disturb the crystal when the cell is handled. My eventual 

cell design combined the clamped quartz windows with a Teflon® O-ring 

spacer. 

Prior to making an effective cell, I tried unsuccessfiiUy to make an 

inexpensive, disposable cell. Initially, I glued two borosilicate windows 

together using several different spacers and adhesives. Alkali ions leached 

from borosilicate glass and melted the colloidal crystal. Conditioning the 

glass by soaking in ion exchange resin reduced the ion leaching, but not 

completely. Adding crushed ion exchange resin to the cell counteracted the 
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alkali ion leaching; however, the crystals were too polycrystalline to be 

usefiil. Also, the spacers and adhesives melted the crystals by leaching ions 

or chemically reacting. Next, I tried plastic (acrylic and polycarbonate) 

windows but could not find an inert adhesive that provided an airtigjit seal. 

Also, the plastic appeared to react with the colloid crystal to produce bubbles 

in the cell. 

Eventually, I decided to use ejqDensive quartz windows, which are 

frequently mentioned in the literature and are inert with respect to colloidal 

crystals. Teflon® was the best choice for a spacer due to its inertness and 

malleability. Clamping a Teflon® 0-ring spacer between two quartz windows 

(Figs. 3.3 and 3.4) created an inert, airtight cell that is ideal for containing 

colloidal crystals. The cell can be disassembled, cleaned, and reused after 

making a trial filter or an unacceptable filter. In addition, the cell thickness 

can be varied by selecting an 0-ring spacer with the appropriate thickness. 

I machined approximately 80 clamps, in the Optical Science Center's 

student shop, from 0.2 inch thick aluminum. The 1 Vi" diameter by Ve" thick 

quartz windows were obtained from Esco Products Inc. (App. C). The 
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4-40 X 3/8 in. Hexagonal 
Socket Screw R = 1 in 

R = 0.625 in 
ALUMINUM 

R = 0.5 in 

TEFLON 

GLASS 

0.2 in 
0.2 in 

Fig. 3.3 Cell schematic. 

Fig. 3.4 Cell (containing 470 pm thick colloidal crystal) with 
a centimeter ruler to show scale. Notice the transparency of 
the filter. 
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Teflon® came in 12" wide sheets and various thicknesses from Cadillac 

Plastics and Chemical Company (App. C). Two grades of Teflon® were 

available: mechanical and virgin. I chose virgin grade since mechanical grade 

is recycled Teflon® and may contain impurities. 

3.4 Preparation of the Filter Suspensioii 

Polymer spheres are mixed with ion exchange resin to remove ionic 

impurities. The literature reveals very little on preparing a charged colloidal 

suspension for crystal growth in the cell, only a brief reference for measuring 

the suspension's conductivity to determine the proper sphere charge.I use 

the term 'sphere charge' to describe the Coulomb force between spheres and 

the resulting crystal formation. If the spheres are undercharged, no crystal 

will grow. Conversely, if the spheres are overcharged, they will crystallize 

too quickly and form a polycrystalline lattice. The objective is to make a 

large single crystal without defects; consequently, the suspension must be 

mixed with the resin in a controlled manner. 

Before mixing with resin, an aliquot of the stock suspension is diluted 
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to the proper concentration- The concentration depends on whether the 

crystal lattice will be BCC or FCC. Experience, with making filters at the 

specified wavelength, will provide guidance, since the lattice structure 

depends on several factors such as the sphere diameter, density, and charge; 

as well as the liquid's dielectric constant and ten^erature."^^ 

To determine the sphere concentration necessary to make a filter at a 

given Bragg wavelength, I substitute the desired wavelength into Eq. 2.6 and 

use the Newton-Raphson numerical technique'^^ to find the volume fi^action. 

Another method involves plotting Eq. 2.6 for several liquid refractive indices, 

then determining the volume flection graphically. Using 98 nm polystyrene 

spheres, Fig. 3.5 illustrates the Bragg wavelength dependance on volume 

fraction and diluent refractive index for BCC and FCC lattices. 

After ascertaining the volume fraction, I can dilute the stock 

suspension, using Eq. 3.2 to determine the required diluent volume (V^). 

Using a polyethylene pipette, I transfer an aliquot (100 - 200 mg) of the 

concentrated stock suspension to a 1.5 ml polypropylene microcentrifuge 

tube, or 'bullet' tube, which rests on an analytic balance (Fig. 3.6). Now I 
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Fig. 3.5 Bragg wavelength as a function of sphere (98 nm polystyrene) 
volume fraction for (a) BCC and (b) FCC crystal lattices. Eq. 2.6 
generated the curves with liquid refractive indices of 1.33 (water), 1.4, 
1.45, and 1.5. 



Fig. 3.6 Fluids are weighed on an analytic balance 
(accurate to a milligram). The weight is divided by density 
to determine volume. 

Fig. 3.7 Undercharged (left) and overcharged (right) spheres 
in bullet tubes. Notice the suspended resin beads in the 
right tube. 
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use Eq. 3.2 to calculate the diluent volume (F^,) given the aliquot wei^t ( J V ) .  

Given the diluent density (p^), I add the appropriate diluent volume 

(^0 Qd) bullet tube. Next, I add 20-30 mg of ion exchange resin 

to the buUet tube, seal, and mix for 10 minutes or until the resin beads remain 

suspended in the spheres (Fig. 3.7), At this time the spheres are uniformly 

overcharged and crystallize immediately following agitation. 

Now, it is necessary to melt the crystal and approach the proper sphere 

charge in a controlled manner. To melt the crystal, I add a fractional drop of 

0.01 M NaCl or other dilute ion impurity to reduce the Coulomb potential 

between the spheres. I begin mixing while observing for crystals under a lOX 

stereoscope. As the resin absorbs the ion impurities, the spheres initially 

crystallize around the resin beads, making them look like fuzz balls. As I roll 

the tube, the resin beads leave crystal streaks along the mbe wall. I stop 

rolling the tube to observe a crystal streak, which is not near resin beads, to 

see if it melts or persists. If the streak persists, or a uniform crystal grows 

along the tube wall away from the resin, the spheres are properly charged. 

Next, I centrifuge the resin beads to the bottom of the tube and draw 

the resin-free suspension through a 23 gauge needle into a three milliliter 
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plastic syringe. To assure uniformity, I mix the syringe suspension for 10 

minutes. Checking for proper charge, I observe the syringe suspension under 

the stereoscope to make sure the spheres crystallize along the wall. If the 

spheres crystallize in less than about ten seconds or more than five minutes, 

they are overcharged or undercharged, respectively; and I need to transfer 

them back to the bullet tube and retrace a few steps. With the proper charge 

on the spheres, I then inject the suspension into the cell. But first, I change to 

a 27 gauge needle and remove the air from the syringe in preparation for 

injection. 

3.5 Assembling Filter 

Due to possible ionic contamination in the cell, I add a small amount of 

crushed ion exchange resin to the cell before injecting the suspension. Since 

the diameter of the resin beads are larger (on the order of one millimeter) than 

the thickness of the cell, I crush a small amount of resin beads using a mortar 

and pestle. The crushed resin will scatter all over the cell when introduced 

with a tweezers; consequently, I dampen the resin with deionized water 
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before placing it in the cell. I add the equivalent of 10 - 20 crushed resin 

beads to the edge of the cell; however, the amount of crushed resin to use is 

arbitrary. The resin absorbs contaminate ions, increasing the crystal's elastic 

modulus, to make the crystal less fragile. 

To access the cell interior, I loosen the cell screws with an Allen 

wrench and insert the 27 gauge needle between the upper window and the 

Teflon® 0-ring. Then I ti^ten the screws so the needle fits snugly, but not 

so tight as to indent the 0-ring. I leave the Allen wrenches in place so I can 

tighten the screws immediately after injecting the suspension (Fig. 3.8). By 

slowly injecting the suspension, the liquid will draw into the cell by capillary 

action until the cell is full. Then, I pull the needle out and tighten the screws 

to seal the cell. If the screws are torqued too tightly, the glass windows will 

crack; consequently, experience will determine the proper torque. 

Conversely, if the screws are not tightened enough, the cell will leak with the 

occurrence of air bubbles along the edge. 



Fig. 3.8 Inserting 27 gauge needle between top window and O-
ring prior to injecting colloid suspension into cell. The Allen 
wrenches are in position to quickly tighten the three screws after 
filling the cell. 

A small amount of the suspension will escape from the cell during 

injection and accumulate along the edge of the windows. I rinse it off with 

water or methanol to keep the fQter clean. This also eases cell clean up, if the 

cell must be disassembled for reuse. 
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3.6 Crystal Growth Techniques 

I use three different techniques for growing colloidal crystals. These 

techniques are related to the degree of Coulomb repulsion between the 

spheres, which is controlled by adding or removing ion impurities. As stated 

previously, the Coulomb repulsion decreases by adding a dilute salt solution, 

and increases by removing impurities with ion exchange resin. I qualitatively 

refer to the three degrees of Coulomb repulsion as undercharged, properly 

charged, and overcharged spheres. 

The first technique for growing crystals involves undercharged spheres. 

While mixing the colloid suspension in the bullet tube with ion exchange 

resin, I periodically let the resin settle to the bottom of the tube and observe 

for crystals to form near the resin but not away from the resin. I inject this 

suspension into a cell that contains a small amount of crushed ion exchange 

resin. The resin removes stray ions and serves as a seed to initiate crystal 

growth. After a couple days, the crystal will grow to the opposite edge of the 

cell. A crystal that grows from the resin tends to have a lattice gradient, 

which results in a smaller Bragg wavelength near the resin that increases to 

the opposite edge of the cell. 
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Properly charged spheres are used for the second and best crystal 

growing technique. The suspension is prepared as described in the preceding 

section. After injecting the suspension, I set the cell aside, undisturbed, while 

the crystal grows. Within minutes, the suspension will start crystallizing 

along the glass surface. I can monitor crystal growth, under a difilise white 

light, by observing the noticeable color resulting from Bragg diffraction. I let 

the crystal grow for at least one day, at a constant temperature, before 

handling the filter. If the crystal grows too fast, it will be polycrystalline; and 

if the spheres are undercharged, a crystal will grow out from the crushed 

resin. This technique produces a uniform crystal that is resilient; the crystal 

will not fracture when bumped or exposed to elevated temperature. 

The third and last crystal growing technique involves heating or 

annealing overcharged spheres. The spheres are mixed with ion exchange 

resin until the suspension crystallizes within seconds following agitation. 

When this suspension is injected into a cell, without crushed ion exchange 

resin, it crystallizes immediately to produce a granular or polycrystalline 

lattice. Then, I heat the filter on a hot plate, covering the filter with a glass 

petri dish to provide a uniform heating environment (Fig. 3.9). Depending on 
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the sphere charge, the crystal should melt before reaching the polymer 

melting temperature (85 °C for polystyrene and 90 °C for PMMA). After the 

crystal has completely melted, I remove the glass cover and gradually lower 

the temperature over a six to eight hour period. If cooled too fast, the crystal 

will be polycrystalline and requires reheating followed by a longer cooling 

time. Although this technique produces a uniform crystal, the low elastic 

Fig. 3.9 Annealing a PMMA filter on a hot plate; using a surface 
thermometer to monitor temperature. The petri dish cover helps to 
maintain a uniform filter temperature by preventing air flow over the 
filter. In this figure, the temperature is at 90°C and the crystal is 
melted which explains the opaque appearance. 



80 

modulus yields a fragile filter. 

3.7 Summary 

I have described, in detail, how to fabricate a colloidal-crystal filter. 

The new cell desigji provides a reusable, versatile cell whose thickness can be 

altered with exchangeable 0-rings. The robust cell also permits excessive 

heating, which is necessary for annealing the crystal. By properly charging 

the spheres and placing crushed resin in the cell, I can produce a uniform 

crystal that is not fragile. 
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4. FILTER SPECTRA 

4.1 Introduction 

I need to test the coupled-wave theory (CWT) developed in Chapter 2. 

To accomplish this, I will compare the theory to experimental data or 

colloidal-crystal filter spectra. The coupled-wave transmission (Eq. 2.15b) 

and the coupling constant (Eq. 2.31) are dependent on material properties of 

the colloidal-crystal, such as the sphere diameter (Dg), the crystal thickness 

(L), and the liquid refractive index (nL). Also, the equations have a Bragg 

wavelength (Aq) dependence. Varying these parameters will affect the filter's 

performance which is specified by the bandwidth (AA.), the optical density 

(OD), and the scattering losses (SL) that were defined in Section 1.4. I will 

compare theoretical spectra to experimental spectra, and evaluate the spectral 

characteristics, to validate the theory. 

Previous colloidal-crystal spectral theory has not been extensively 

tested. Spry and Kosan compared their bandwidth and optical density 
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expressions against a single spectral plot/® The theory of Rimdquist et al.^^ 

is simply curve fitting and not useful for predicting filter performance. 

Nevertheless, these two articles continue to be referenced in colloidal-crystal 

literature to define theoryI will evaluate Spry's bandwidth and optical 

density ejqjressions and compare with my data. 

I could compare my theory against colloidal-crystal filter spectra which 

have been published; however, the authors do not generally provide all the 

necessary data required for my theory. Sometimes, their data appear to be 

erroneous, since their spectra are grossly different fi'om what my theory 

predicts. Also, the published spectra are firequently plotted in logarithmic 

form (extinction spectra), in order to display a high contrast notch, and are 

difficult to analyze graphically. My only recourse was to build my own filters 

to compare with theory. 

As stated previously, I will compare theoretical AA, OD, and SL with 

those fi-om experimental spectra. The theoretical AA and SL were evaluated 

graphically, fi'om the plotted spectra, and the OD computed as -log(T) at the 

notch wavelength. Ejqjerimental AA and SL were derived firom spectra 

obtained with a CCD spectrometer (App. B). Since spectrophotometers 
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cannot accurately measure optical density (due to diverging light beams), I 

used a collimated laser beam when possible. The laser wavelength must be 

exactly on or sli^tly less than the filter's Bragg wavelength at normal 

incidence. By slightly tilting the filter, I am able to tune the notch to the 

laser's wavelength and block the laser beam. By measuring the laser beam 

intensity, with and without the filter in place, I determine the filter's OD. 

However, I recommend using a tuneable laser beam at normal incidence to 

the filter, since the optical density decreases with increasing filter angle.'' 

The theoretical OD is strongly affected by the bandwidth of the 

convolved Gaussian function. Through observations, I consider the Gaussian 

bandwidth to be strongly correlated to the CV% of the spheres. The 

following ad hoc relation provides an approximate standard deviation for the 

Gaussian fimction (Eq. 2.32): 

o = log( 1 + C F % )  (4.1) 

where the units of a are nanometers. 

The following sections will contrast theory and ejqperiment for variable 
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Dg, L, iIl, and Since I did not iiave different diameter spheres for making 

my own filters, I compared my theory to Rundquist's experimental data'^^ in 

Sec. 4.2. In Sections 4.3 and 4.4,1 use filters with PMMA spheres to 

evaluate thickness and liquid refiractive index dependence. Filters with 

polystyrene spheres were used to evaluate Bragg wavelength dependence 

(Sec. 4.5). 

4.2 Sphere Diameter Dependence 

Rundquist et al.^^ measured the diffraction, transmission, and 

scattering (over a small solid angle) spectra for five filters, each with different 

diameter spheres. The spectra were generated by angle-tuning the filter in 

front of a 488 nm laser beam and measuring the respective intensities with 

photodiodes. They were most interested in the diffracted spectra for which 

they curve-fit an x-ray dififraction expression. 

They used 69, 76, 82, 105, and 127 nm diameter polystyrene spheres in 

water to make 400 ^m thick filters. The sphere's percent coefficient of 

variation (CV%), the Gaussian bandwidth (AA.q) for my convolution, the 

filter's Bragg wavelength (Ag), and lattice type are listed in Table 4.1. The 
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last column in Table 4.1 lists the Rayleigh-Gans phase shift criteria (Eq. 

2.28b) which should be much less than one. (The 127 nm sphere filter was 

discarded fi-om this discussion since the scattering loss obliterated all 

transmission near its 496 nm Bragg wavelength.) 

Rundquist et al, measured the sphere diameters using transmission 

electron microscopy (TEM) and quasi-elastic li^t scattering (QELS) for 

which the results agreed to within ± 2 nm. Their 82 nm (CV% = 8.53) 

spheres were obtained fi*om a supplier with a reported diameter of 91 nm 

(CV% = 6.4). If this discrepancy is common with all colloid suppliers, it will 

lead to differences between theory and ejqjeriment, particularly in the 

remaining sections of this chapter. 

Table 4.1 Crystal parameters for variable sphere diameter filters. 

Ds (nm) CV% AAq (nm) Ag (nm) Lattice 27r(ns-nL)Ds/A 

69 11.6 2.34 493.3 BCC 0.23 

76 7.89 1.95 496.2 BCC 0.26 

82 8.53 1.95 501.3 BCC 0.27 

105 10.5 2.15 510.0 FCC 0.35 
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Figure 4.1 shows the four CWT transmision spectra from which I 

obtained the theoretical AA, OD, and SL data. The following text, tables, and 

figures will describe the spectral dependence on sphere diameter. 

Bandwidth 

Table 4.2 and Fig. 4.2 show that the CWT bandwidths are within one 

nanometer of Rundquist's filter bandwidths for the smallest three diameter 

spheres. This close agreement may be deceiving since the Rayleigh-Gans 

phase shift (Table 4.1) is large. Also, Rundquist showed that the diffracted 

bandwidth is smaller than the transmitted bandwidth for his spectral 

measurement technique. Consequently, Rundquist's bandwidths would be 

much larger if he measured transmission spectra with a spectrophotometer. 

The 105 nm sphere filter has the largest bandwidth discrepancy since the 

notch bandwidth broadens with increasing filter tilt, ̂ ' and this filter was tilted 

the most. 

Rundquist et ai calculated theoretical bandwidths, using Eq. (15) from 

Spry and Kosan, which differed slightly from my Spry and Kosan 

calculations. I suspect the difference originated from slightly different sphere 
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and liquid refractive indices. 

Optical Density 

No experimental OD measurements were available, but Table 4.3 and 

Fig. 4.3 show a theoretical increase with sphere diameter. This is due to the 

larger coupling constant illustrated in Fig. 2.5. The sli^t noise in the Fig. 4.3 

curve is due to the variation of CV%, which changes AAq of the convolved 

Gaussian to influence the OD. Spry and Kosan's ODs are unrealistically high 

since they assumed an ideal crystal; consequently, their data are not plotted. 

Scattering Loss 

As with OD data, no useable experimental data exist for SL. 

Nevertheless, Fig. 4.4 exhibits a near linear relationship between sphere 

diameter and SL. Extrapolating the line to 100% SL indicates that the filters 

become opaque, near the 500 nm wavelength, with spheres larger than 110 

nm. Subsequently, this explains why the 127 nm diameter sphere data were 

discarded. Fig. 4.1(d) illustrates a large loss for a large sphere diameter. 

Significant SL makes a filter unusable due to the low notch contrast. 
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Fig. 4.1 CWT transmission spectra with polystyrene spheres (ng = 1.6) of 
diameters (a) 69, (b) 76, (c) 82, and (d) 105 nm. Other parameters are 
L = 400 fjm and nL = 1.333 (water). 

(c) Ds = 82 nm 
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Table 4.2 Notch bandwidth dependence on sphere diameter. 

Ds(nm) 
AX (mn) 

Ds(nm) 
CWT Spry Rundquist 

69 3.62 3.65 3.0 

76 4.31 4.69 3.5 

82 5.08 5.63 5.7 

105 9.54 11.04 13.3 

15 

CWT 

Rundquist 

80 90 
Sphere Diameter (nm) 

Fig. 4.2 Notch bandwidth dependence on sphere diameter. 
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Table 4.3 Optical density [-log(T)] dependence on sphere diameter. 

Ds(nin) 
Optical Density 

Ds(nin) 
CWT Spry 

69 1.17 25.2 

76 2.05 32.3 

82 2.38 38.2 

105 6.29 67.0 

10T 
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60 

Fig. 4.3 Optical density dependence on sphere diameter. 
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Table 4.4 Scattering loss dependence on sphere diameter. 

Dg (nm) CWT Scattering Loss 

69 0.29 

76 0.40 

82 0.49 

105 0.89 

80 90 
Sphere Diameter (nm) 

100 110 

Fig. 4.4 Scattering loss dependence on sphere diameter. 
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4.3 Filter Thickness Dependence 

I fabricated PMMA filters using the techniques described in Chapter 3. 

PMMA spheres have a lower refii^ctive index (n^ = 1.49), compared to 

polystyrene (ng = 1.6), which lowers the coupling constant. The filters were 

prepared with overcharged spheres in water and annealed later to produce 

fairly uniform FCC crystals. (The filters required heating to 90 °C to melt the 

crystals.) Thick, uniform crystals are difficult, if not impossible, to produce. 

Filter thickness was determined by measuring the Teflon® O-rings with a 

micrometer. Measurement error was about ±10 iim. 

The 100 nm diameter PMMA spheres have a CV% of 11,6 % which is 

large. My experience with large CV% spheres indicates that these spheres 

should not crystallize, but they do. You can imagine the crystal defects that a 

large sphere standard deviation produces. 

I tried to make Xg = 535 nm in order to measure the OD with a 

frequency-doubled YAG laser (A. = 532 nm). Unfortunately, the weight 

fraction of my stock suspension was slightly in error due to an inaccurate 

pilot filter. The resulting Bragg wavelengths (Table 4.5) were around 528 nm 



or 6-7 nm low. Consequently, I used a 514.5 nm Argon ion laser which 

requires a larger filter tilt and subsequent OD degradation. 

Table 4.5 Notch wavelengths for variable thickness filters. 

L(fim) A.B(nm) 

235 528.5 

445 528.7 

700 528.0 

1535 533.0 

Fig. 4.5 shows the CWT and filter spectra (for the four different values 

of L) from which I obtained AA, OD, and SL data. CWT exhibits reasonably 

good fit with the experimental filter spectra. CWT even demonstrates 

wavelength dependent SL, similar to experiment, but I cannot e3q)lain the 

slope discrepancy at longer wavelengths. The following text, tables, and 

figures will describe the spectral dependence on filter thickness. 
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Bandwidth 

Figure 4.6 illustrates the reasonable result of a near constant AA. as a 

function of L, since L is not a factor in the coupling constant. All but one 

filter have AA within one nanometer of theory. The 1.15 nm discrepancy for 

the L = 700 nm filter could be e3q)lained by crystal defects. All of the CWT 

bandwidths are lower than the filter bandwidths which suggests the crystals 

are polycrystalline, or more likely, the CWT susceptibility e:q)ansion (Eq. 

2.22) may need another term. Spry's bandwidths, which are always slightly 

larger than CWT bandwidths, are extremely close to the filter's bandwidths. 

CWT and Spry's bandwidths should be constant, since theory has no L 

dependence; however, the different Ag for the filters created a slight noise. 

Optical Density 

Table 4.7 and Fig. 4.7 illustrate an increasing OD with filter thiciaiess. 

As expected, the filter OD shows an ejq)onential decrease to zero as the filter 

thickness approaches zero. The discrepancy between CWT and filter OD 

originates fi'om the excessive bandwidth of the convolved Gaussian which 

was chosen to match spectrophotometer optical density. A modification of 
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Eq. 4.1 will produce C WT optical densities that correlate with filter optical 

densities. Again, Spry's OD is unrealistically large and not plotted. 

Scattering Loss 

Figure 4.8 demonstrates that CWT provides exceptional agreement to 

experiment for SL. The spectra in Fig. 4.5 show that theoretical SL is li^tly 

ofifset fi-om the experimental curves. The ad hoc correction in Sec, 2.5 could 

be modified to provide closer agreement. Fig. 4.8 and Fig. 4.5(d) illustrate 

that thick filters produce undesirable, low contrast notches. 
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Fig. 4.5 CWT compared to PMMA (Pg = 1.49) filter spectra for crystal 
thicknesses of (a) 235 Mm, (b) 445 Mm, (c) 700 Mm, and (d) 1535 Mm. 
Other filter parameters are Pl = 1.333 (water) and Dg = 100 nm. 
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Table 4.6 Notch bandwidth dependence on filter thickness. 

L(^im) 
AA (nm) 

L(^im) 
CWT Spry Filter 

235 5.15 5.60 5.54 

445 5.15 5.59 5.31 

700 5.23 5.61 6.38 

1535 4.92 5.53 5.54 
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—Ar- Filter 
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a 
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L (urn) 

1500 2000 

Fig. 4.6 Notch bandwidth dependence on filter thickness. 
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Table 4.7 Optical density dependence on filter thickness. 

L(nm) 
Optical Density 

L(nm) 
CWT Spry Filter 

235 1.90 17.7 2.74 

445 2.08 34.7 4.58 

700 2.20 55.7 5.07 

1535 2.53 119.6 6.58 

10 
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to -C 6 Q) 
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7 Optical density dependence on filter thickness. 
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Table 4.8 Scattering loss dependence on filter thickness. 

L(fim) 
Scattering Loss 

L(fim) 
CWT Filter 

235 0.29 0.22 

445 0.43 0.41 

700 0.59 0.55 

1535 0.82 0.83 
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Fig. 4.8 Scattering loss dependence on filter thickness. 
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4.4 Liquid Refractive Index Dependence 

As the liquid refractive index (n^) approaches the refractive index of 

the spheres (n^), the coupling constant decreases as shown in Fig. 2.5. The 

liquid refractive index appears in the coupling constant (Eq. 2.31) in various 

forms such as the refractive index ratio (m = n^/nL), the average refractive 

index  [n  = (1  -  O^) ] ,  and  Bragg  wave  number  (  p  =  iT znJX^ ) .  

Due to the complex involvement of n^ in the coupling constant, it is necessary 

to evaluate filter spectra to determine the affect on notch bandwidth (AA), 

optical density (OD), and scattering loss (SL). 

I diluted PMMA (ng = 1.49, Dg = 100 nm) spheres with various 

concentrations of methyl phenyl sulfoxide (MPSO, n = 1.5775), in distilled 

water, to vary the liquid refractive index. The low dielectric constant of 

MPSO precluded using large concentrations of MPSO since the low dielectric 

constant depresses the ionization of charge groups on the spheres. As a 

result, the filter with the largest liquid refractive index (UL = 1.444 in Table 

4.9) required several days for crystal growth. The FCC crystal growth was 

made possible by placing a large amount of crushed ion exchange resin in the 

cell. 
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Table 4.9 Bragg wavelength, filter thickness, and Rayleigh-Gans phase shift 
criteria for variable refractive index filters. 

"L Xg (nm) L(nm) 2ir(ns-nL)DsAB 

1.333 532.3 470 0.19 

1.363 523.8 450 0.15 

1.410 528.5 460 0.10 

1.444 526.4 455 0.05 

Table 4.9 lists IIL for the four filters as well as the Bragg wavelengths 

and filter thicknesses. My target Bragg wavelength was 535 nm; however, 

the reflective index does not change linearly when MPSO is diluted with 

water. Consequently, I used an Argon ion laser (A, = 514.5 nm) rather than a 

frequency-doubled NdiYAG (A, = 532 nm) for measuring optical density. I 

selected 460 ± 10 nm thick O-rings to maintain a constant filter thickness. 

The Rayleigh-Gans phase shift criteria (Table 4.9) is the most 

restrictive of the three conditions [Eqs. 2.28(a-c)]. This value must be much 

less than one for the Rayleigh-Gans scattering approximation to hold. By 

listing the values in this section and in Sec. 4.5,1 ejqject to establish a tighter 
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constraint rather than the '« 1' stipulation. 

Fig. 4.9 compares CWT spectra with filter spectra for the different 

liquid reflective indices. CWT shows excellent agreement with the 

experimental filter spectra except for Fig. 4.9(c). In Fig. 4.9(c), the 

oscillations to the left of the notch and the scattering loss discrepancy are due 

to a polycrystalline lattice. The following text, tables, and figures will 

describe the spectral dependence on nL 

Bandwidth 

Index matching the liquid to the spheres reduces the coupling constant 

which reduces the bandwidth (Table 4.14 and Fig. 4.14). The bandwidth 

approaches zero for a complete index match, as expected. The middle two 

filters (nL = 1.363 and 1.414) slightly deviate fi-om theory which I attribute to 

crystal imperfections. The CWT curve crosses Spry's curve at approximately 

Ul = 1.415. This could be a residual effect of the convolution which sli^tly 

broadens the bandwidth and is most noticeable for small AA,. The 2.47 nm 

bandwidth for the n^ = 1.444 filter is less than the smallest AA observed 

(AA, = 4.5 nm)^'^'^^ in the literature. With better monodisperse spheres, it is 
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possible to obtain a smaller Ak  with larger OD. 

Optical Density 

Optical density also decreases as the liquid and spheres become index 

matched (Fig. 4.11). When the liquid index becomes 1.49, the notch will 

disappear, resulting in zero optical density. The filters' optical density is 

considerably larger than what CWT predicts. This is because the OD was 

measured with a well collimated laser beam (Argon, A, = 514.5 nm). Also, 

the reduced CWT optical density could be increased by modifying Eq. 4.1 to 

reduce the Gaussian bandwidth. As it stands, the Gaussian bandwidth 

reflects the combined broadening from crystal imperfections and the 

spectrophotometer's bandwidth. Spry's optical densities, which represent 

perfect crystals, are unrealistically large, which precludes plotting them. 

Scattering Loss 

Table 4.12 and Fig. 4.12 show decreasing scattering loss as the liquid 

and spheres become index matched. For index-matched filters, the scattering 

loss approaches the loss due to Fresnel reflections from the air-glass interface 
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of the windows. With anti-reflection coatings on the windows, out-of-band 

transmission can approach 100%. 
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Fig. 4.9 CWT compared to PMMA (ng = 1.49) filter spectra for liquid 
refractive indices of (a) 1.333, (b) 1.363, (c) 1.410, and (d) 1.444. Other 
filter parameters are L = 460 pm and Dg = 100 nm. 
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Table 4.10 Notch bandwidth dependence on liquid refractive index. 

AA (nm) 

CWT Spry FUter 

1.333 5.25 5.54 5.40 

1.363 4.32 4.76 5.25 

1.410 3.00 3.13 4.32 

1.444 2.47 1.88 2.96 

CWT 

•- Spry 

Filter 

1.35 1.4 1.5 1.3 1.45 
Liquid Refractive Index 

Fig. 4.14 Notch bandwidth dependence on liquid refractive index. 
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Table 4.11 Optical density dependence on liquid refractive index. 

Optical Density 

CWT Spry Filter 

1.333 2.06 48.62 4.58 

1.363 1.49 41.13 3.20 

1.410 0.75 26.66 2.58 

1.444 0.38 15.39 1.18 

CWT 

Filter 

Q.O 

1.3 1.5 1.35 1.4 1.45 
Liquid Refractive Index 

Fig. 4.11 Optical density dependence on liquid refractive index. 



Table 4.12 Scattering loss dependence on liquid refractive index. 

Scattering Loss 

CWT Filter 

1.333 0.45 0.42 

1.363 0.37 0.35 

1.410 0.21 0.19 

1.444 0.12 0.05 

0.9-

0.8-

S0.7H 
-3 0.6-
O) 

CWT 

» 0.4-
S 
w 0.3-

Filter 

1.3 1.35 1.4 1.5 1.45 
Liquid Refractive Index 

Fig. 4.12 Scattering loss dependence on liquid refractive index. 



112 

4.5 Wavelength Dependence 

The wavelength dependence of the coupling constant (Eq. 2.31) is 

dominated by the l/Ag tenn. Wavelength dependence for the form factor 

[ — (sinM - Mcos«)] is minimal. Consequently, the coupling constant is 

inversely proportional to the Bragg wavelength. I selected filter wavelengths 

based on available lasers for measuring optical density: Argon (A, = 514.5 

nm), Frequency-doubled Nd:YAG (A = 532 nm), HeNe (A = 532.8 nm), 

diode laser (A. « 660 nm). The middle two wavelengths (Ag = 574.8 nm and 

600 nm) in Table 4.13 were chosen to fill in the gap between the green and 

red lasers. 

Table 4.13 Filter thickness and Rayleigh-Gans phase shift criteria for variable 
Bragg wavelength filters. 

X Q  (nm) L(^m) 27r(n5-nL)D5Ag 

521.8 235 0.30 

533.4 245 0.30 

574.8 235 0.28 

600.0 235 0.26 

640.7 245 0.25 

659.8 245 0.24 
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To provide diversity, I used polystyrene spheres (n^ = 1.6) which have 

a higher refractive index than PMMA (ng = 1.49). This provides a higher 

refractive index contrast with the liquid to produce a larger coupling constant. 

The 98 nm diameter polystyrene spheres have a relatively small standard 

deviation (3%), which yields an in^roved crystal structure. These spheres 

have a large number of charge groups which makes it diflBcult to control 

sphere charge. I diluted the spheres with a 1:1 methanol/water solution that 

provided n^ = 1.343. The methanol decreased the solution's dielectric 

constant to make the highly charged spheres more manageable, and the 

methanol's low viscosity appears to improve crystal formation. 

Table 4.13 lists filter thicknesses and the Rayleigh-Gans phase shift 

criteria for the selected wavelengths. Thin Teflon® 0-rings (L = 240 ± S^im) 

were chosen to reduce scattering losses. The phase shift parameter is 

relatively large which indicates inadequate correlation of filter bandwidth 

with CWT. 

Figures 4.l3(a-f) compares the filter spectra with CWT spectra. 

Scattering losses are comparable, but the bandwidths show a large 

discrepancy for all filters. This indicates the Rayleigh-Gans scattering 
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approximation is no longer valid, and that the more general Mie scattering 

theory should be used. The following text, tables, and figures describe 

spectral dependence on 

Band^dth 

The bandwidths (Table 4.14 and Fig. 4.14) are larger than those 

obtained with PMMA spheres because of the larger sphere reflective index 

and the resulting large coupling constant. If you extrapolate the C WT and the 

filter bandwidth curves (Fig. 4.14) to longer wavelengths, they will converge, 

as anticipated by the phase shift criteria: 27r(n3-nL)Ds/AB. By considering the 

convergence in Fig. 4.14, the phase shift parameters in Table 4.13, and the 

PMMA phase shift parameters in Table 4.9,1 wiU assert that the Raylei^-

Gans scattering approximation is valid provided 

iTZ^n^-rir)— ( 0.2 (4.2) 

This is more restrictive than Eq. 2.31. 
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Optical Density 

A large coupling constant yields a large optical density as 

demonstrated in Table 4.15 and Fig. 4.15. Filter OD for the middle two 

filters are missing since lasers, for measuring OD, were not available. 

The green filters (Ag = 521.8 mn and 533.4 nm) exhibited a lower OD 

than predicted by theory, which can be ejqjlained by crystal imperfections. 

BCC crystals will transition through a region of coexistence with FCC 

crystals as the volume flection increases."^^ This is the case for the green 

filters where both BCC and FCC crystals were spectrally observed. I 

selected a BCC region of the filter for the spectral plots. At longer 

wavelengths, the crystals were purely BCC. 

The OD = 8.1 is exceedingly large for a notch filter. This is 

comparable to the OD = 6 for holographic notch filters.^^ 

Scattering Loss 

Scattering loss (Table 4.16 and Fig. 4.16) demonstrates a l/Xg 

dependence. The usual agreement of experiment with theory validates my 

scattering loss calculations (Sec. 2.6). The longer wavelength filters exhibit a 
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respectably large contrast along with a large OD. This demonstrates an 

optimum notch filter for the Raman spectroscopy application. 
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(e) Ab = 640.7 nm 
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Fig. 4.13 CWT compared to polystyrene (ng = 1.6) filter spectra for Bragg 
wavelengths of (a) 521.8 nm, (b) 533.4 nm, (c) 574.8 nm, (d) 600.0 nm, 
(e) 640.7 nm, and (f) 659.8 nm. Other filter parameters are L = 240 pm, 
nL = 1.343, and Dg = 98 nm. 
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Table 4.14 Notch bandwidth dependence on Bragg wavelength. 

Xg (nm) 
AA (nm) 

Xg (nm) 
CWT Spry FUter 

521.8 6.8 8.1 16.7 

533.4 6.5 7.9 16.4 

574.8 6.0 7.0 15.6 

600.0 5.6 6.6 14.2 

640.7 5.1 5.9 13.0 

659.8 4.8 5.6 11.7 

CWT 

Spry 

Filter 

500 520 540 560 580 600 620 640 660 680 700 
Wavelength (nm) 

Fig. 4.14 Notch bandwidth dependence on Bragg wavelength. 
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Table 4.15 Optical density [-log(T)] dependence on Bragg wavelength. 

Xq  (run) 
Optical Density 

Xq  (run) 
CWT Spry Filter 

521.8 8.4 36.7 4.7 

533.4 6.5 35.4 6.5 

574.8 6.6 25.8 -

600.0 5.9 21.9 -

640.7 4.7 17.7 8.1 

659.8 4.5 15.1 5.2 
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Fig. 4.15 Optical density dependence on Bragg wavelength. 



Table 4.16 Scattering loss dependence on Bragg wavelength. 

A,B(nm) 
Scattering Loss 

A,B(nm) 
CWT Filter 

521.8 0.53 0.59 

533.4 0.50 0.46 

574.8 0.36 0.41 

600.0 0.30 0.30 

640.7 0.23 0.25 

659.8 0.20 0.22 

CWT 
- " 0 . 6 -
O) Filter 

500 520 540 560 580 600 620 640 660 680 700 
Wavelength (nm) 

Fig. 4.16 Scattering loss dependence on Bragg wavelength. 
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4.6 Summary 

The coupled-wave theory is valid. The variable sphere diameter data, 

from Riindquist et al., is suspect since the diffracted spectra were measured 

using a rotating filter technique. The CWT validation is based on comparison 

with filters that I fabricated. CWT bandwidths are within one nanometer of 

experiment provided the Rayleigh-Gans phase shift [27r(ns-nL)D5/AQ < 0.2] is 

satisfied. Filter optical density is larger than CWT optical density simply due 

to the choice of bandwidth for the convolved Gaussian. CWT scattering 

losses correlate with filter scattering losses for all ranges of filter parameters. 
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Appendix A: Emulsion Polymerization 

Most scientists in the optics community are not familiar with the 

synthesis of polymer colloid particles, and I hope this appendix will satisfy 

your curiosity. This overview of an overview is derived mostly from 

Pieranski^^ and Heam et who provide more details and further 

references. In addition to emulsion polymerization, this appendix will 

describe the ion exchange process that charges the polymer spheres. 

The emulsion polymerization procedure begins by placing distilled 

water in a reaction kettle (Fig. A. 1), purging oxygen from the vessel with 

ni t rogen  gas ,  and  hea t ing  the  so lu t ion  to  a  cons tan t  tempera ture  (e .g .  60  ° C ) .  

Surfactant (emulsifier) is then added through the dropping funnel and mixed 

with the stirrer. Next, the monomer (styrene for making polystyrene 

microspheres) is added through the dropping funnel and mixed with the water 

and surfactant. Finally, an initiator (e.g. potassium persulfate, K2S2O8) is 

added to begin the polymerization process. 
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Fig. A.1 
nitrogen 

Reaction kettle. Inlet ports are provided for purging with 
gas, monitoring temperature, and adding chemicals. 
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Initially, the mostly insoluble monomer is contained in 1 to 10 ^m 

diameter droplets and the emulsifier is contained in smaller droplets called 

micelles. The potassium persulfate decomposes to form free radicals (S20g^" 

^ 2804") which react with the monomer to form monomer chains or polymer. 

Once the chain length reaches 3-5 units long, these short chained oligomers 

enter the micelles and continue to grow (Fig. A.2) into colloid particles. The 

• initiator 
^ monomer 

emulsifier ion 

colloid 
particles 

N  ̂

I monomer 
droplet ^ 

V ' v" 
 ̂ S 

^ I ' I 
I / 

*-\J 

Fig. A.2 Formation of polymer colloid particles 
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monomer chains grow to a typical length of 10^ units and terminate with 

another radical. Smaller particles grow at a faster rate thus causing the final 

distribution to be uniform. Once the monomer or initiator is exhausted, the 

reaction is complete. The initiator ions, which provide the particle charge, 

tend to reside along the surface of the spherical particle 

Following the emulsion polymerization reaction, it is necessary to clean 

or remove unreacted monomer, initiator, emulsifier, and stray ions fi-om the 

colloid suspension. This is accomplished by dialysis with distilled water or 

mixing the suspension with ion exchange resin (Fig. A.3). I use a monobed 

ion exchange resin which is a mixture of anion (hydroxide) and cation 

(hydrogen) resin beads. These bead are approximately one millimeter in 

diameter and serve as ion reservoirs. Analogously, you could consider the 

resin as a sponge which soaks up ion impurities and replaces them with 

equivalent ions until equilibrium is reached. 

Sulfate ions (SO4*), originating fi-om the initiator, reside mostly along 

the spheres' surface to yield negatively charged particles. The initiator's 

potassium ions are exchanged with hydrogen ions fi*om the ion exchange 

resin. The net result is a suspension of negatively charged spheres, each 
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colloid 
particles 

0 © ion impurities 

Fig. A.3 Removing ion impurities with ion exchange resin. 

surrounded by a cloud of positively charged hydrogen ions. In Fig. A.3, a 

hydrogen ion is represented by a and the hydrogen cloud is 

circumscribed with a dotted circle which represents an effective sphere 

diameter. This hard sphere model assumes a neutral sphere with the diameter 

defined by the dotted circle. The diameter of the effective hard sphere, or 

double layer, is determined by the diameter of the colloid particle, the number 
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of charge groups on the particle, the number of ion impurities in solution, and 

the dielectric constant of the liquid. 

The hard sphere model can be used to illustrate the formation of 

colloidal crystals as shown in Fig. A.4. The colloidal stock suspension is 

diluted to an appropriate concentration, then ion impurities (salt) are added to 

reduce the diameter of the double layer. Slowly mixing the suspension with 

Fig. A.4 Hard sphere model for colloidal crystals. The hydrogen ion 
cloud, which surrounds charged colloidal particles, represents an 
effective double layer for the spheres. 
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ion exchange resin causes the double layer diameter to slowly increase until 

just below crystallization threshold. The suspension is then injected into a 

cell with crushed ion exchange resin. The crushed resin removes the 

remaining ion impurities, and effective sphere diameter grows to force the 

formation of a crystal lattice. 
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Appendix B: CCD Spectrophotometer 

Introduction 

To measure colloidal-crystal filter spectra, I designed and built a 

charge-coupled device (CCD) spectrophotometer. All the e)q)erimental 

spectra in Chapter 4 were measured with this device. In this appendix, I will 

describe the spectrophotometer's components and how to operate it. Also, I 

will discuss the spectrophotometer's advantages and disadvantages when 

compared to commercial spectrophotometers. 

Description 

Figure A.l illustrates the components of the spectrophotometer in 

schematic form- The white light from a 300 watt halogen projection lamp is 

coupled into a 200 ^m core fiber with a 20x (0.4 NA) microscope objective 

(LI). The lamp intensity is controlled with a variac. After traversing a 50 cm 

length of fiber, the light is collimated by another 20x microscope objective 
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Fig. A.1 Charge-coupled device (CCD) spectrophotometer schematic. 
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(L2). The 5 mm diameter beam probes the test filter prior to encountering a 

lOx beam ejqjander. A mirror positions the 15 mm diameter ejq)anded beam 

onto a diffraction grating. The blazed diffraction grating is 5.5 cm wide and 

has 1500 lines per millimeter. Following reflection firom the grating, the 

dispersed (first order) white light is imaged by a 12 cm focal length achromat 

(L3) onto linear CCD array. 

The 28 pin CCD chip is a Fairchild CCD 143 A with 2048 linear pixels 

that are B^im x 13nm in size with a 13|im pitch. Mounted on a Fairchild 

CCD143DB development board, the chip can be clocked with an onboard 

clock or with an external computer. With computer control, the 2048 pixel 

frame is clocked into a 20 MHZ 80286 computer in 18 milliseconds. An 

ANA200 analog-to-digital (A/D) computer board (BSoft Software, Inc) 

converts the analog pixel voltages to 12-bit binary numbers. The conversion 

time is 3 |is, but additional time is allotted to allow the signal to settle. The 

CCD output signal is split between the computer and an oscilloscope which 

provides real-time monitoring. 
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Operation 

A Pascal computer program transforms the pixel voltages into a 

spectrum throu^ a calibration process. Since pixel responsivity and ligjit 

source intensity are not spectrally uniform, a base line is established by 

recording the pixel voltages with the li^t blocked and with fiiU illumination. 

This defines the transmission scale of 0 to 1. Since the lamp intensity drifts 

slowly with time, it is necessary to check the 100% transmission between 

samples. If the full-scale transmission deviates by more than 5%, a new 

baseline is initiated. 

The pixels are mapped to a specific wavelength by placing wavelength 

specific edge filters at the sample location and assigning the 50% 

transmission of the filter to the pixel. Data from three to five edge filters 

provide the input for a linear regression which maps the remaining pixels to 

wavelengths. 

Since the computer captures a CCD fi-ame at a slow rate, a significant 

dark signal produces pixel noise. The computer program numerically filters 

out the noise by either averaging five neighboring pixels or using a median 

window of five nei^boring pixels. Cooling the CCD chip, with a peltier 
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cooler, reduces the noise; however, the numerical noise filtering provides 

adequate noise reduction. 

Discussion 

The spectral resolution is less than theoretically predicted due mostly 

to chromatic aberration. The beam expander does not have achromatic 

lenses. I determined the resolution experimentally by first calibrating the 

spectrophotometer with the white-light lamp then replacing the Ught source 

with a HeNe laser. The HeNe spectrum (Fig. A.2) demonstrates the spectral 

resolution and wavelength accuracy of the spectrophotometer. The <0.5 nm 

resolution was more than adequate for my measurements. The measured 

wavelength was approximately 3 nm below the 632.8 nm HeNe wavelength, 

which is within an acceptable ±5 nm accuracy. The edge filter spectral 

calibration could be improved by using bandpass filters. 

The CCD spectrophotometer provides a capability necessary for 

measuring spectra of inferior crystal filters. By moving the probe beam to 

different areas of the filter, the best crystal can be located by observing the 

real-time CCD amplitude on the oscilloscope. 
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Fig. A.2 HeNe laser spectrum shows spectral resolution and wavelength 
accuracy of CCD spectrophotometer. 

Using a colloidal-crystal Bragg filter, Fig. A.3 compares a CCD 

spectrophotometer spectrum with the spectrum fi-om two commercial 

spectrophotometers. The commercial spectrophotometers were a Cary 5G 

UV-Vis-NIR spectrophotometer and a Perkin Elmer 340 UV-Vis-NIR 

spectrophotometer. The most striking discrepancy is the lower optical 

density of the CCD spectrum. This results fi^om polychromatic light 

scattering into the notch, whereas, the commercial spectrophotometers use a 

monochromatic beam. Regardless, none of the spectrophotometers can 
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Fig. A.3 Comparison of a CCD spectrophotometer spectrum with spectra 
from commercial spectrophotometers; (a) Cary 5G, (b) Perkin Elmer 340. 
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accurately measure the hi^ optical density of Bragg filters, but rather, a well 

collimated beam from a tuneable laser provides the best measurement tool. 

Also, The spectra from the commercial spectrophotometers have differences 

with Bragg wavelength and scattering loss. The Gary corresponds to the 

CCD with regard to notch wavelength, whereas, the Perkin Elmer 

corresponds to the CCD with regard to scattering loss. Considering the 

differences among spectrophotometers, I assign a ±5 nm acceptability limit 

for wavelength, and a ±10% acceptability limit for scattering loss when 

comparing theory to experiment in Chapter 4. 
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Appendix C: Material Sources 

Microspheres 

Bangs Laboratories, Inc. 
9025 Technology Drive 
Fishers, IN 46038-2886 
(317)570-7034 

Duke Scientific Corp. 
2463 Faber Place 
P.O. Box 50005 
Palo Alto, CA 94303 
(415)424-1177 

Interfacial Dynamics Corp. 
17300 S.W. Upper Boones Ferry Road 
Suite 120 
Portland, OR 97224 
(503)684-8008 

Polysciences, Inc. 
400 Valley Road 
Warrington, PA 18976 
(215)343-6484 

Seradyn, Inc. 
1200 Madison Avenue 
IndianapoUs, IN 46225-1600 
(317)266-2000 



Ion Exchange Resins 

Rohm and Haas Co. 
Independence Mall West 
PhUidelphia, PA 19105 
(215)592-3424 

Quartz Windows 

ESCO Products Inc. 
171 Oak Ridge Road 
Oak Ridge, NJ 07438 
(201)697-3700 

Teflon® Sheets 

Cadillac Plastics and Chemical Co. 
4205 South Santa Rita 
Tucson, AZ 85714 
(520)741-1900 
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Appendix D: Material Parameters 

The parameter in the following two tables were obtained from an 

Aldrich chemical catalog^^ and Lange's Handbook of Chemistry.^'^ 

Table D.1 Liquid parameters. 

liquid refractive index density dielectric 
constant 

ethanol 1.3614 0.7894 25.00 

ethylene glycol 1.431 1.13 41.2 

glycerol 1.4730 1.260 42.5 

methanol 1.329 0.794 33.62 

methyl phenyl sulfoxide 1.5775 1.145 -

2-propanol 1.3854 0.804 18.3 

water 1.333 1.000 80.10 

Table D.2 Polymer parameters. 

polymer refractive index density melting temp. (°C) 

Polystyrene 1.6 1.05 85 -105 

PMMA 1.49 1.19 90-105 
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