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Over the last ten years, photonic band gap (PBG) theory and technology have 

become an important area of research because of the numerous possible applications 

ranging from high-efficiency laser diodes to optical circuitry. This research concentrates 

on reducing the length scale in the fabrication of layered photonic band gap structures 

and developing procedures to improve processing consistency. 

Various procedures and materiaIs have been used in the fabrication of layered 

PBG structures. This research focused on an economical micro transfer molding 

approach to create the final PBG structure. A poly dimethlysiloxane (PDMS) rubber 

mold was created from a silicon substrate. It was filled with epoxy and built layer-by- 

layer to create a 3-D epoxy structure. This structure was infiltrated with nanoparticle 

titania or a titania sol-gel, then fired to remove the polymer mold, leaving a monolithic 

ceramic inverse of the epoxy structrue. The final result was a lattice of titania rods that 

resembles a face-centered tetragonal structure. 

The original intent of this research was to miniaturize this process to a bar size 

srnalt enough to create a photonic band gap for wavelengths of visible electro-magnetic 



radiation. The factor limiting progress was the absence of a silicon master mold of small 

enough dimensions. The Iowa State Microeletronics Research Center fabricated sampIes 

with periodicities of 2.5 and 1 .O microns with the existing technology, but a sample was 

need on the order of 0.3 microns or less. A 0.4 micron sample was received from Sandia 

National Laboratory, which was made through an electron beam lithography process, but 

it contained several defects. 

The results of the work are primarily for from the 2.5 and 1 .O micron samples. 

Most of the work focused on changing processing variables in order to optimize the 

infiltration procedure for the best results. Several critical parameters were identified, 

ranging f?om the ambient conditions to the specifics of the procedure. It is believed that 

most critical for fabrication of high quality samples is control of the temperature of the 

sample during and after infiiltxation, and the rate and amount of time spent applying 

epoxy to the PDMS. 
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CHAPTER 1: INTRODUCTION 

Photonic band gap (PBG) crystals are periodic dielectric structures that manipulate 

electromagnetic radiation in a manner similar to semiconductor devices manipulating 
electrons. Whereas a semiconductor material exhibits an electronic band gap in which 

electrons cannot exist, similarly, a photonic crystal containing a photonic band gap does not 

allow the propagation of specific frequencies of electromagnetic radiation, This phenomenon 

results from the destructive Bragg diffraction interference that a wave propagating at a 

specific frequency wilI experience because of the periodic change in dielectric permitivity, 

This gives rise to a variety of optical applications for improving the efficiency and 
effectiveness of opto-electronic devices. These applications are reviewed later. Several 
methods are currentIy used to fabricate photonic crystals, which are also discussed in detaiI. 

This research involves a layer-by-layer micro-transfer molding (pTM) and stacking method 

to create three-dimensional FCC structures of epoxy or titania. The structures, once reduced 

significantly in size can be infiltrated with an organic gain media and stacked on a 

semiconductor to improve the efficiency of an electronically pumped light-emitting diode. 

Scope and Importance of the Research 

Photonic band gap structures have been proven to effectively create a band gap for 

certain frequencies of electro-magnetic radiation in the microwave and near-infrared ranges. 

The objective of this research project was originally two-fold: to fabricate a three 

dimensional (3-D) structure of a size scaled to prohibit electromagnetic propagation within 

the visible wavelength range, and then to characterize that structure using laser dye emission 
spectra. As a master mold has not yet been developed for the micro transfer molding 

technique in the visible range, the research was limited to scaling down the length scale as 

much as possible with the current available technology and characterizing these structures 

with other methods. 
The fabrication of a visible wavelength PBG structure opens up the field to a wide- 

ranging set of new arid exciting applications that have the potential to significantly impact a 
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variety of technologies and industrial sectors from consumer products to military 

applications. One of the more exciting projected applications of photonic crystals is the 

production of optical circuits by manipulating light with optical waveguides. Currently, 

fiber-optic signals must be converted to electronic signals in order to be analyzed by 

computers or other devices connected to the optical line. This slows the signal considerably 

and the electronic circuitry is fairly inefficient as well, A device that runs completely on 
Iight would revohtionize technology in several areas, leading eventually to an all optical 

network (AON). The major problem with this application is the ability to manipulate light on 
a small enough scale. Optical waveguides currently operate on the principle of Total Internal 
Reflection (TIR), which occurs because an optical fiber possesses a higher refractive index 

than the surrounding media. Light will completely reflect off of the internal walls of the 

fiber if the photons are incident on the fiber wall at an angle less than a critical angle. 
Incident light greater than this angle will be allowed to transmit out of the fiber and be lost. 
This creates the problem of not being able to turn the light over small distances as that would 

cause the light to be incident on the fiber walls at too large of an angle. Photonic crystals are 
proposed as a possible solution to this problem. Adding a defect in a PBG structure opens a 

path along which electro-magnetic radiation can propagate. Because the PBG structure can 

be tailored to completely reflect certain frequencies, it is possible to turn corners with light in 

a distance on the order of the light’s wavelength. Also, the light propagates in air, which 
lowers the absorption losses that occw in optical fibers. 

Another exciting application of PBG structures is the use of these crystals to greatly 

improve the efficiency of lasers and light-emitting diodes. A photonic crystal infiltrated with 

gain media can improve the output of a light-emitting device in different ways. A one- 

dimensional periodic dielectric-gain media structure wiIl have a higher-power output 

frequency at the band gap edge because of the reflection of the radiation back and forth 

between each gain layer, increasing the stimulated emission four-fold. A two dimensional 

photonic crystal will also improve the emission efficiency of gain media by inhibiting 

spontaneous emission out of the lasing plane and causing the beam to be emitted along a 

defect path in the structure. The current research worked toward the ability to utilize a three- 
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dimensional photonic crystal layer to direct the spontaneous light to produce a light-emitting 

diode with a considerable increase in efficiency and peak intensity. 

A newer area of application interest deals with the use of these PBG materials as 

sensors. The size of the lattice parameter and the index of refraction difference of the PBG 
structure affect the transmission properties of the crystal. Thus temperature dependent index 

of refraction materials can be used to create a thermometer or temperature sensor and 

electrostrictive materials can be used to develop an electrical sensor. Other areas of interest 

concerning PBG materials include high-efficiency microwave antennas, wavelength filters 

and frequency disguise and recognition devices. 
Completely developed PBG materials will introduce many changes in several areas of 

the electronics industry. Success in this research will aid in the development of a high- 
efficiency light-emitting diode, utilizing a three-dimensional PBG structure to confine the 

emission of the gain media. 

Background Definitions 

In the literature survey that follows, an understanding of these definitions is useful. A 
minimal description is provided for each subject. 

Reciprocal Lattice Vectors: Determined by Bragg diffraction in a crystal that define 

the reciprocal lattice space of that crystal, The primitive lattice vectors of the reciprocal 

lattice are given by'": 

a3 a1 
a, -a2 x a 3  

b, = 2x a1 xa2 
a, -a2  xa3 

b3 = 2~ 

where a,, u 2 ,  a3 are the primitive vectors of the regular crystal lattice and b, ,b, ,b3 are the 

primitive vectors of the reciprocal lattice. These primitive vectors are used to determine the 

reciprocal lattice vector G as defined below: 
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G = ulb, + v,b, + v3b3 

where u, ,u2, v3 are integers. 

Reciprocal Lattice: The reciprocal lattice is used to map the diffraction pattern of a 
regular crystal. This is useful in determining optical properties of different atomic 

arrangements. 

Brillouin Zones (BZ): The Brillouin zone is defined as the enclosure of planes that 
perpendicularly bisect the midpoint of the primitive reciprocal lattice vectors. It is useful for 

defining the diffraction condition of different wavevectors. Any wavevector drawn from the 
origin of the unit celI of the reciprocal lattice to the Brillouin zone edge will be diffracted by 

the crystal, which leads to the formation of a band structure. Several of these directions are 

labeled with letters ( r-, W, X,L,U ), which makes it easier to visualize a band structure when 

analyzing several different frequencies' at different directions in the crystal. These directions, 

along with a typical photonic band structure are shown in figure 2.3. 

Filiing Fraction: The fraction of material that comprises a certain structure. If a 
sampIe is made to be 70% titania and 30% air, it is said to have a titania filling fraction of 

0.7. 

Wavenumbers, Frequency, and Wavelength: Several terms and types of units are 

used to classify electromagnetic waves and the size of the PBG structure. Frequency, (Hz or 

oscillationdsecond) is related to wavelength, (pm) and wavenumber (cm-') by the following 

equations: 
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Region in Spectrum Wavelength Frequency 
(nanometers) (terahertz-I O’* Hr) 

Blue-Violet 300 1000 

Red 600 500 

IR 3000 100 

IR (Curent Sample Size) 6100 49 

where /z represents wavelength, c is the speed of light, u is fiequency and k represents 

wavenumber. Common values in a range pertinent to this research for each of these variables 

are shown in the following table 1.1. 

Wavenurn ber 
(cm-’1 
62800 

3 1400 

6280 

838 

Photonic band gap: The band of frequencies of electro-magnetic radiation that are 

not allowed to pass through a PBG material. The mid-gap frequency and size of the gap are 

detennined by the periodicity, dielectric filling fraction, and index of reftaction of the 
material in question. Table 1.2 is shown below that provides a few different calculated band 
gap values for these different variables. 

Table 1.2 - Band gap sizes and frequencies for different parameters of layered structures 
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Kossel Lines: Dark rings arid arcs resulting from the illumination of a single 

colloidal crystal with a monochromatic laser beam. They are formed from the light that 

satisfies the Bragg condition along specific angular cones and can be used to analyze single 

crystal coIloid band gaps. 

s-Polarization: Incident electromagnetic waves on a surface are said to be s- 

polarized if the electric field component of the wave is parallel to the surface. 

p-Polarization: Incident electromagnetic waves on a surface are said to be p- 

polarized if the electric field component of the wave is perpendicular to the surface. 

Electroluminescence (EL): Electroluminescent materials emit photons when excited 

by electron injection. This phenomenon is demonstrated in semiconductor lasers where 

electric current is used to generate a coherent beam of photons. 

Photoluminescence (PL): Photoluminescent materials emit photons when excited 

(pumped) by a higher energy light source. Electrons in the photoluminescent material are 

excited into higher energy states by the incident light and will emit photons as they return to 

the original lower energy states. 
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CHAPTER 2: LITERATURE SURVEY 

Photonic Band Gap Structure 

Theory 

The first suggestion that one could produce a three-dimensional forbidden gap in the 

electromagnetic spectrum was made in 1987 by Eli Yablonovitch'. One-dimensional 

structures had already been created by periodically modulating the index of refraction in a 

layered structure. This structure had been used in distributed-feedback lasers and Fabry- 
Perot resonators since it is nearly an ideal reflective mirror for light propagating 

perpendicular to the alternating layers. Yablonovitch therefore suggested that for a 

wavelength A, a full three-dimensional structure with a spatial periodicity of W2 would open 

a forbidden gap in the electromagnetic spectrum at that wavelength in all directions. His 
calculations also suggested that the first Brillion zone (BZ) of the photonic band gap (PBG) 
structure in reciprocal space should be as close to spherical as possible, and face centered 
cubic structures were proposed as the most common structure to have a nearly spherical first 

BZ. Yablonovitch predicted that this concept could be utilized to develop more efficient 

lasers, bipolar junction transistors (BJT's), and solar cells because of the ability to 

manipulate spontaneous emission. 
Later that year, S. John provided a theoretical explanation for the existence of a PBG 

in 3-D periodic structures2. One suggestion was that Anderson localization has an effect on 
electromagnetic radiation in a disordered dielectric contrast medium similar to the effect 
electrons see in a disordered varying potential. John also discussed Bragg reflection and 

proposed this to be the mechanism by which electro-magnetic (EM) waves decay 

exponentially with distance into the medium. He then showed calcuIations that determined 

the necessary dielectric contrast needed to create a gap in a FCC periodic lattice. This is 

shown in figure 2.1. 
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fcc Brillouin zone 

Figure 2.1 - A gap in optical modes caused by Bragg reflection effects. Calculations show 
that the dielectric coefficient of one material must be at least three times that of the other in 

order to produce the gap2 

In 1989, E. Yablonovitch and T. J. Gmitter constructed a band gap structure in the 

microwave frequencies to test the theoretical results3. They varied dielectric contrast and 

volume filling fraction of their periodic FCC dielectric structures. Two types of construction 
were used: one in which the “atoms” were polycrystalIine alumina balls contained in a low 
index matrix, and one in which air “atoms” were drilled from a high index matrix. They 

found that most of their attempts resulted in semi-metal band behavior in which portions of 

the valence band would overlap other parts of the conduction band. Success was obtained, 

however for a structure of air atoms in a Iow-loss dielectric matrix with a microwave 

refractive index of -3.5, and they found the optimal volume fraction of the air “atoms” to be 

86%. The material used was commercially available Emerson & Gumming Stycast-12. The 
experimental structure and its band diagram are shown in figures 2.2 and 2.3. These 

structures operating at microwave frequencies could be used to predict the behavior of 

similar samples on the scale of light frequencies. The model did not account for every 

possible polarization and direction of incidence, but it still provided an excellent insight of 

the necessary parameters needed to create a PBG. 
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Figure 2.2 - The original PBG structure tested in the microwave fiequencies3 

L r 

t r 

W K  

Figure 2.3 - Experimental band diagram for a 86% spherical-air-atom crystal. The lines 

sloping downward to the right represent s-polarized EM radiation, and the lines sloping 

downward to the left represent p-polarized modes3 
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The above experiments were verified theoretically by K.-M. Ho et al. in 19904. His 

group solved Maxwell’s equations exactly, taking into account the vector nature of the 

electromagnetic field. The results of the calculations suggested that a FCC structure 

possessed only a pseudo-gap rather than a hull PBG, as a few propagating modes overlapped 
in the FCC band structure. The calculations proved however, that a diamond structure would 

indeed result in a full PBG. The calculations were performed for both s and p-polarizations 
on air spheres and dielectric spheres. The resulting equations optimized the structure, 

refractive index, and filling ratio parameters for the fullest, largest band gap. The best 
calculated structure found was the diamond structure of dielectric spheres with a refractive 

index of 3.6 and a filling ratio of 34%. The theoretical band diagrams for the FCC and 
diamond cases are shown in figures 2.4 and 2.5. The calculations actually showed that a 
fairly wide range of filling ratios and refractive indexes for a diamond lattice would open a 

fill1 PBG. Index of refraction contrast could be as low as 2 while the filling ratio of dielectric 

spheres ranged from around 0.2 to 0.67 and air spheres from 0.37 to 0.95 to still obtain a 

photonic band gap. The calculations made for the FCC lattice contradicted the experimental 
work of Yablonovitch and Grnitter, Ho et al. attributed this to the inadequate resolution of 
the experimental setup. The equipment was claimed to be unable to observe the degeneracy 
of the bottom of the s gap and the top of the p gap at the W point in the BZ. 

E. Yablonovitch et al. recognized that their previous FCC experiment may not have 

accounted for the degeneracy at the W point in the BZ, but they developed a lattice utilizing a 

different shaped atom6. They used a Wigner-Seitz (WS) unit cell of the FCC lattice, which 

was created by drilling holes at a 35.26 degree angle rotated 120 degrees from each other 

around a central axis as shown in figure 2.6. Stycast-12 was used again as the surrounding 

matrix for the air “atoms” with a microwave index of refraction of 3.6. The same 

experimental setup was used to test the new structure and the experiment proved that the WS 

cell structure could still develop a full three-dimensional PBG, depending on the shape of the 

atoms created. This was an important result because the it could be fabricated much more 

easily than the diamond structure, which is slightly more complicated. 



11 

/ . ... . .. 

j i 
i 

1 

1 
1 
! 

1 
_._..,..__-.- 

x L I ,  J '  x I!' K 

Figure 2.4 - Calculated band structure for a FCC S ~ c t ~ r e ' ~ *  

1 2 ; -  ' i 
i 
1 

\ 
\ 

Figure 2.5 - Calculated band structure for a diamond dielectric matrix consisting of spheres 

of refiactive index of 3.6 in air background and a filling ratio of 34%. Frequency is given in 

units ofc/a14* 
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Figure 2.6 - Schematic diagram of the newly proposed structure, developing a full 3-D 

PBGI4' 

In 1993, YabIonovitch discussed the possibility of doping a photonic crystal in the 

sitme manner in which a semiconductor is doped7. He proposed introducing a defect into the 

PBG structure that acts as an acceptor or donor for specific frequencies within the band gap. 

Adding dielectric material to an air site was expected to create a donor state and removing a 

section of the dielectric matrix was expected to create an acceptor state in the structure. The 
donor and acceptor states were tested and the resulting spectra are shown in figures 2.7 and 
2.8. The size of the added defect affected the placement of the defect state within the band 

gap, This dependence is shown in figure 2.9. Acceptor states move across the gap from the 

valence band as the hole defect size increases and donor states move from the conduction 

band as dielectric defect size increases. Just as the ability to dope a semi-conductor is the 

essential ingredient to making functional devices, the ability to create defect states produces 

many potential applications for photonic crystals. 
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Figure 2.7 - Deep acceptor dopant7 
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Figure 2.8 - Shallow Donor Dopants7 
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Figure 2.9 - Size within a PBG7 



14 

M. Doosje et al. used the plane-wave expansion method in 2000 to further optimize 

different parameters in order to develop the ideal structure exhibiting a full, omni-directional 
PBG.21 Similar to previous results, the final calculated structure was an inverse FCC matrix 

of air “atoms.” The biggest difference in the new calculated structure was that the air atoms 

were connected to each other by air cylinders, which further reduced the volume fraction of 

dielectric material. They calculated the ideal physical parameters as follows: FUa must be 

greater than 0.177, where R is the radius of each air sphere and a is the distance between 

them and the filling fraction 9 = 16.9~(Rc/a)~ - 26.7~@Ia)~ where & is the radius of the 

cylinder connecting adjacent air atoms. A picture of the structure is shown in figure 2.10. 

Figure 2.10 - Depiction of the ideal PBG structure calculated by M. Doojse et a1.2’ 

Layered structures 

The Iowa State group, Iead by K.-M. €Io, was the first to report the method of 

building a PBG structure from layers of dielectric rods22. Several calculations were made for 
different structure parameters: rod cross-sectional shape, index of refraction, c/a ratio, and 

bar overlap. The optimal structure they considered was made of alternating layers of 

dielectric rectangular rods. The layers were perpendicular to each other and every other layer 

was offset by half a period, creating a €ace-centered tetragonal lattice symmetry with a basis 

of two rods. The rods were spaced to create a filling ratio of 26.6% dielectric material with 
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an index of refraction of 3.6. The proposed structure and band diagram are shown in figures 

2. I 1 and 2.12. This PBG structure was an important discovery as it could be scaled to sizes 

operable in the visible wavelengths. At this point in time, the highest frequency experimental 

structures produced had been for less than 20 GHz. 

Figure 2.1 1 - Representation of the theoretical structurez2 
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Figure 2.12 - The above structure's band diagram calculated for a filling fraction of 26.6% 

dielectric material in air with a refractive index of 3.622 

E. Ozbay et al. 23 produced this layered structure experimentally, operating in the 100 

GHz range soon after in 1994. An anisotropic etching of silicon by aqueous potassium 

hydroxide was used to pattern a structure with a bar thickness of 340 pm, a height of 390 pm, 

and a spacing thickness of 935 prn. The experimental crystal consisted of 28-stacked wafers 

(7 unit cells), and the results of the transmission studies are shown in figure 2.13. The 
experimental data was in good agreement with the theoretical calculations. The group also 
measured attenuation as a'hnction of number of layers in the structure. They found the 
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relationship to be close to the theoretical expectation of 17 dB per unit cell (4 layers) and 
stated that 3 unit cells would be adequate for most applications. Low experimental 

attenuation past 3 unit cells was attributed to EM wave leakage around the crystal in the 

testing setup. He suggested that this production method could be used to make structures 

small enough to produce band gaps in the 3 THz region. 

E. Ozbay et ai. 24 also produced the layered structure experimentally also by stacking 

alumina rods (refractive index -3.1) into the arrangement described previously. The 
experimental transmission data for this structure also correlated well to the theoretical 

calculations, dispIaying a band gap between 11.7 and 13.5 GBz. The experimental structure 

and its transmission data are shown in figures 2.14 and 2.15. 

70 00 90 to0 110 7 2 0  
F- (Gk)  w 

Figure 2.13 - Experimental band gap existing for EM waves: a) normal to wafer surfaces, b) 

35 degrees with respect to the wafer normal, and c) parallel to wafer surfaces23 
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Figure 2.14 - Alumina rod structure. Unit consists of 16 layers of rods (13 or 14 rods in each 

w .- E . 2 $  ___-.-_._-......-. - . . .  

Frequency (GHZ) 

Figure 2.15 - Transmission plot is for above picture with E-field perpendicular to the rods24 
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A laser-write method for creating the layered bar PBG structures was by M. C. 

Wanke et a1?* With this process, it was possible to create a PBG crystal at frequencies of 2 

THz. They used an additive laser chemical vapor deposition (LCVD) procedure, which is 

extremely flexible and allows the user to be abIe to introduce defects or change the structure 
in order to introduce certain properties in the crystal. The process was used to make the 

layered PBG structure by first depositing verticaI layers, and then growing the horizontal 

layers, which formed a robust mechanical connection. The transmission results of the 

experimental structure exhibited a shallow band gap at around 2 THz. With the LCVD 
process, it was also possible to make more complex structures such as the diamond lattice. 

The procedure could be done around parts or free standing so that a substrate wasn't 
necessary. This was a very versatile method that could lead to several practical applications, 
but did not have a high enough resolution to be applied to visible wavelengths. 

S. Noda et al., a group from Kyoto University in Japan25, was the next to use the 
layered bar stacking method to create a PBG material. In 1996, they constructed the layered 

structure with semiconductor processing technology. The process is depicted in figure 2.1 6. 

First an AlGaAs etch-stop layer (1  .O pm) and GaAs layer (1.5 pm) were grown on a GaAs 

substrate by mo1ecuIar beam epitaxy (MBE) as shown in part (a) of figure 25. Stripe patterns 

(12.5 prn width and 15.5 pm period) were then formed out of the GaAs by reactive ion 

etching (ME) shown in (b). Two layers produced in this manner were then aligned 90 

degrees from each other and stacked (c). One side of the AlGaAs stop-layer and GaAs 

substrate were removed by first mechanical grinding then the etching of the A1GaAs with an 
€IF solution (d). This process is repeated to finally produce a layered structure shown in (e). 

Since the size of these layers is so smaIl (-10 pn), an alignment method was needed in order 

to be able to stack every other layer at 0.5a from the same direction layers-above and below 

it. The Noda group utilized a novel laser diffraction alignment method to do this. They 

found that if the 1'' and 3rd layers were lined up on top of each other, the first order 

diffraction spots would be at 100% intensity, but would reduce in intensity as the layers were 

translated with respect to one another. The first order diffraction spots would completely 

disappear when the layers were aligned correctly at half a period from each other. Thus, they 

couId stack layers with a width, period, and height of 12 pm, 15.5 pm, and 1.2 pm 
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respectively, which is not expected to produce a PBG. They proposed that in order to 

produce a PBG at the optical fiber communication region (-1.55 pm), layers of width, 

period, and depth of 0.16 prn, 0.62 pm, and 0.19 prn respectively would be needed. One of 

the problems with this method at those sizes is the ability to bond the consecutive layers 

successfully. Another setback in the procedure was that in order to produce the desired 

intensity decrease of the first order spots for the correct alignment, a laser was needed with a 

wavelength close to the distance between the layers. For this reason the team needed to use 

precision equipment and an infia-red laser-viewing system. Also the precision of the 

alignment is difficult for smaller sample sizes, but a piezo-actuated alignment system with a 
resolution limit of -1 0-20 nm is proposed to eliminate that problem, 

. Figure 2.16 - Process steps in creating a four-layer PBG structure in the near infrared 

regime2' 
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Most of these problems were solved by the Noda group in 1 99g3*. They succeeded in 
using the same process to create a structure with bars of width, period, and depth of 1,4, and 

1.2 pm respectively. This structure did produce a complete 3D band gap for frequencies 

from 5 to 10 pm wavelengths. A similar alignment procedure was used to create the 

structure, but the precision needed to align one-micron bars required the group to develop a 

slightly different strategy. They fabricated an alignment region next to the active pattern 
with a larger periodicity that correlated exactly to the smaIler region. The large region could 

be aIigned with the Iaser, and the pattern would follow on a smaller scale such that the first 

and third layers were displaced by 0Sa. A picture of the structure along with its 
experimental transmission data is shown in figures 2.17 and 2.18. 

Figure 2.17 - A four-layer structure of GaAs bars produced by lithography and laser 

alignment methods3' 

WAVELENGTH [pm] 

Figure 2.18 - The transmission spectrum for that structure and an eight-layer 
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A similar procedure was used by S. Y. Lin et al. at Sandia National Laboratories to 

fabricate the interconnecting bar samples with semiconductor processing techniques in 

199831. The layered samples were made by first depositing a layer of $io*, which was etched 
with trenches to be filled by polycrystalline silicon. The layer was made flat through a 

chemical mechanical polishing process and the procedure was repeated, stacking and etching 

the layers of silicon in the previously explained bar pattern. Finally, the Si02 was etched 

away in HF, leaving behind only the layered polycrystalline silicon structure. The final 

structures were extremely uniform and defect free, but the 5 pm bar periodicity was still 

much too large for optical applications. 
In 1996 E. Ozbay introduced several new techniques and procedures for the 

fabrication and analysis of PBG structures. He first demonstrated a new measurement setup 
that anaIyzed transmission and reflection at the same time. The measurement of the previous 

structures made in the microwave regions all produced nearly 100% reflection, which is 
important to the waveguide applications. He also introduced a structure that contained a 

PBG in the far infrared frequencies. It was etched from a 100 prn thick silicon wafer in a 

similar manner as the silicon wafer used in reference 23. The bars were 50 pm wide with a 

spacing of 185 prn, and the structure produced a gap between 378 and 518 Gk. He also 

introduced yet another method for creating the layered PBG structure26. Using a high-power 

carbon dioxide laser to micromachine alumina wafers (refractive index -2.86 at 100 GHz) 

into 460 pm stripes separated by 460 pm gaps. The experimental results again correlated to 

theory, and a gap was seen for frequencies between 81 and 104 GHz. Defect structures in the 
alumina bar design were anaIyzed and the results were similar to the relationship determined 

in reference 7. 
A newer method of fabricating the layered structure was introduced by A. Feigel et al. 

in 200032. They utilized photosensitive chalcogenide glasses using a vapor deposition 

method and direct holographic writing to produce consistent, well aligned samples. As-Se or 

As-Se-Te glasses were used, which have considerably high refractive indexes ranging from 
2.5 to 3 and can also be altered by electromagnetic radiation and etched like a photoresist 

material. The glasses are aIso transparent in the infrared from 800 nm to 12 pm. The 

procedural steps to making the PBG structure are depicted in figure 2.19. 
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Figure 2.19 - Procedure used to make a layered structure of photosensitive chalcogenide 

First, the correct ratio of each glass component was evaporated in a vacuum and 

deposited on a substrate. A holographic grating was written on the layer with a Krypton laser 
using a two-beam interference setup. The sample was then dipped into a selective developer 

to create the first layer grating. Steps 3 and 4 above demonstrate that a photoresist was spun 
into the grooves and etched until it created a planar surface with the glass bars. Then in step 

5 ,  another layer of the chalcogenide gIass is deposited, exposed and developed to create a 
second layer. This process is continued until a satisfactory number of layers have been 

created. The half-period shift between the 1'' and 3rd layers of the structure is realized by 

using the diffraction patterns similarly to references 30 and 32. 

Colloidal Systems 

One of the first attempts to utilize charged monodispersed polystyrene microspheres 

to create a PBG structure was carried out by I. Inanc Tarhan and George H. Watson in 

199652. This was also the first attempt to create a photonic stop band that operated in the 

visible wavelengths. They suspended the spheres in water, which allowed them to self-order 

into a face-centered-cubic lattice, but the index of refraction contrast of the spheres was only 

1.20, which was not sufficient to create a complete PBG. They utilized KosseI lines to 
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characterize the different samples with different lattice parameters, which were easily 

manipulated with different sized polystyrene spheres. The result of the analysis was that the 

structure produced a band gap for different directions, but not for all directions at once. 

Their work does, however, present a method to determine if structure produces a photonic 

band gap through Kossel line analysis. 

This novel idea was used by Wijnhoven and Vod3 to create a photonic band 

structure (PBS) made of titania at the visible wavelengtbs. They used monodispersed 

polystyrene spheres with radii between 180 and f 460 nm and centrifuged the solution to 
force the sedimentation of the spheres in glass capillaries. The water surrounding the spheres 

was evaporated slowly and titania was infiltrated into the network through a precipitation 
from a liquid-phase chemical reaction. The precursor tetrapropoxy-titanate (TPT) in ethanol 

penetrated the spheres by capillary action, and was then exposed to the atmosphere to react to 
form titania. The formed titania was not extremely dense, therefore the procedure had to be 

repeated up to eight times to produce a connected network. The polystyrene spheres were 

then slowly burned out at 45OoC to leave behind an inverse FCC structure of titania with air 
“atoms”. The titania was characterized to be the anatase phase with a refractive index of 
-2.5. This method produced a structure that contained several defects but if perfected could 

provide a good photonic band structure at optical wavelengths. 
Subramania et formed the titanidpolystyrene solution in a one step process in 

which the polystyrene spheres ordered in the presence of the titania. He used a 
nanocrystalline titania suspension containing monodispersed polystyrene spheres. A few 

drops of the slurry were spread on a glass substrate and allowed to dry slowly in a humidity- 

controlled environment, which ordered into several layers of the microspheres in a FCC 
configuration. The sample was then pressed in a cold isostatic press to improve the green 
density and reduce stress cracks during heat treatment. This caused the c-axis of the sample 

to contract as the other two of the directions were constrained by the glass substrate during 

isostatic compression, leading to the slight distortion of the structure. The polystyrene 

spheres were slowly burned out, leaving the inverse FCC titania network behind, This 

method produced a better short and long-range order of the structure than the previous 

methods. A micrograph of the fired sample is shown in figure 2.20. Four different sized 
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spheres were used in making the samples and the reflectance spectra for each size and the 

correlating sphere diameter for each peak is shown in figures 2.21 and 2.22. Each reflectance 

peak shown in the figure correlates well with the size of the polystyrene spheres used to 

make the respective sample. Although this procedure produced better, more defect free 
samples than the previous method, there was still a considerable amount of cracking in the 

final structures. 

5.0 kV x 17000 

Figure 2.20 - hverse FCC titania network made using 556 nm poIystyrene spheres with 

excellent 

Comparison of Specular Reflectance 

1 . 8 - ” ” ’ .  
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Figure 2.21 - The reflectance spectra for each size of air “atom” in the interconnecting titania 

inverse FCC 
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Figure 2.22 - The correlating linear relationship between peak position and sphere 

This problem was investigated by €3.-B. Sun et ai.’’ in 2000. The method for 

producing a defect free assembly of monospheres from a colloid solution was reviewed. The 

difference introduced into the procedure was the extremely slow quasi-equilibrium 

evaporation technique. Moisture was removed from the solution in a controlled humidity 
environment that allowed the water to evaporate extremely slowly. The result was a better 

short and long-range order in the final sample. 
J. Ballato et al. used silica nanospheres (refractive index -1.446) instead of 

polystyrene to create a PBG structure at the optical  wavelength^^^. The spheres were allowed 
to settle under undisturbed conditions in one case, and in another case were centrikged at 
1800 rpm. The resulting structures and their respective transmission spectra are shown in 
figure 2.23. Silica is transparent in the visible range, which suggests that the large 
transmission decrease that occurred in each case is not related to absorption of the material. 

The disordered, centrifuged samples created a much larger band gap. Ballato compared this 

result to x-ray diffraction peaks of amorphous materials, which are wider for materials with 

no long-range order. 
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Figure 2.23 - Left side corresponds to silica spheres that were centrifuged at 1800 rpm and 

the right side corresponds to spheres allowed to sediment undisturbed55 

Younan Xia et al. used a different procedure to create this same PBG structure from 

polystyrene spheres with grain sizes larger than one square crn5’, A picture that explains the 

procedure is shown in figure 2.24. They used a method of confined assembly, A cell was 

constructed from two glass substrates. A square frame was patterned with small channels 

meant to capture the polystyrene balls and allow the solvent to flow out. They could vary the 

thickness of the patterned film from 0.5 to 100 pm, which allowed for the versatility in 

fabricating samples anywhere from 50 nm to 50 pm. A small hole was etched into the top 

substrate and a glass tube (-6 mm in diameter) was attached with an epoxy. When a solution 
of nano particles was introduced into the cell, a positive pressure was applied to the tube in 
order to force the solvent out and the system was constantly sonicated throughout the 

procedure. The final result was a crystalline structure that formed at the bottom of the cell 

with very few defects and a large grain size. The group has demonstrated good SEM images 

of each size of nano-sphere that displayed the excellent order and Large grain sizes. . 
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Figure 2.24 - Schematic drawing of the procedure used to order polystyrene spheres over 

extremely large grain sizes5’ 

Y .  A. Vlasov et al. analyzed single domains of colIoidal photonic crystals in 20006*. 

They observed reflection patterns in single grains and also infiltrated the titania structure 

with CdSe semiconductor quantum dots to provide a method of analyzing the PBG by 

looking at the spontaneous emission plots. An inverted microscope with a low numerical 

aperture was used to limit the collection angle to a small cone around the normal incident 

light. With this setup they could select single crystal domains for analysis, and a CCD array 
was used to detect the intensity of spontaneous emission. They made measurements on a 
grain with a (1 1 I )  orientation and the reflectance and emission plots from the single grain 

were compared to macroscopic results. The single grain exhibited a wider PBG in both 

cases, but fbrther studies were needed to examine all other orientations to be able to 

announce a full omni-directional PBG. 
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Applications and Devices 

Optical Waveguides 

The potential of optical circuitry had been discussed before photonic band gap 

materiaIs were discovered and developed. There are numerous advantages to using light to 

operate devices which traditionally use electricity, and PBG structures could provide the 

means to do 
of a photonic crystal optical waveguide and microcavity in practical applications61. They 

stated that the current distance necessary to curve light by total internal reflection (TIR) with 
an optical fiber was around I O  mm, which was much too large to practically develop an opto- 

electronic integrated circuit (OEIC). The group proposed a 2-D periodic structure to be used 
as a smaIIer scale waveguide. They modeled the 2-D case and calculated the band structure 
for a triangular plane lattice of air atoms as shown in figure 2.25. The proposed 2-D 

structure still relied on TIR for reflection in the third direction. The group suggested that a 

three-dimensional photonic crystal with a line defect as the waveguided path was desired but 

too difficult to create. 

R. D. Meade et al. was the first group to seriously discuss the possibility 

Figure 2,25 - The band structure for a 2-D triangular lattice of air atoms6' 
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T. A. Birks et al. have been working on producing a photonic crystal fiber that forces 
63,64,66,68 electromagnetic radiation to propagate in a defect air cavity in the fiber stnrcture 

They created the fiber entirely from fused silica. It was drawn in a manner that left a 

hexagonaI honeycomb pattern of air holes that ran the length of the fiber. The first fiber the 
group produced contained a silica defect in the center so that the surrounding fiber containing 

the pattern of air holes had a lower index of refraction. Therefore, this first sample operated 
completely on total internal reflection, but the photonic band gap properties of the cladding 

forced the fiber to guide only a single mode of electromagnetic radiation, which the sample 

could do from 337 nm to 1550 nm. A schematic drawing of the fiber is shown in figure 2.26. 
The group eventually used a similar method to draw a photonic crystal fiber that contained an 

air defect in the center instead of a silica defect by placing a hollow silica fiber in the center. 
A micrograph of the final cross-section of the drawn fiber is shown in figure 2.27. This new 

fiber was found to propagate light through photonic effects rather than total internal 
reflection. The fiber in later experiments only transmitted 35% of a laser beam incident at 

one end of a 40 mm fiber, however most of the losses were attributed to input coupling 

efficiency. The group observed that several modes of light were transmitted. 

Figure 2.26 - A drawing of a photonic crystal fiber. Its photonic properties are derived from 

the missing air hole in the centerH 
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Figure 2.27 - Cross-section of a photonic crystal fiber containing an air defect in the center66 

S.-Y. Lin et al. was the first to develop a PBG waveguide at the near ineared 
frequencies that would turn a sharp 90 degree corner at nearly perfect transmission 

efficiencies6'. The researchers created the structure with a 2-D square array of alumina rods 

with a dielectric constant of 8.9 and a radius of one-fifth of the lattice parameter. A line 

defect was introduced into the structure by removing a row of the rods to provide a 
propagation path for the determined frequency mode. A schematic diagram of the structure 
is shown in figure 2.28. The group tested the transmission of the straight PBG, waveguide 

and 2 configurations of waveguides that forced the radiation to turn corners. In this situation, 

the light propagated through an air defect rather than an absorbing medium, which increased 

transmission efficiency by a factor of ten. They also demonstrated that light can be turned 90 

degrees over the distance of one wavelength, which was the smallest radius achieved in a 

dielectric waveguide with 100% transmission. 
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Figure 2.28 - PBG waveguide made of alumina rods that effectively transmits near-infiared 

frequencies at low 

The next step in the advance of optical circuits was the ability to cross the optical 

transmission lines without lasing or distortion losses of the signal. This advance was 
researched by S. G. Johnson et ai!’ They modeled a perpendicular waveguide crossing that 
achieved nearly 100% throughput with cross talk on the order of 10’. The conditions for this 
optimal performance are outIined as follows: 

Each waveguide must have a mirror symmetry plane through its axis and 

perpendicular to the other waveguide and have a single guided mode in the Erequency 

range of interest. This mode wilI be either even or odd with respect to the mirror 
plane. 
The center of the intersection must be occupied by a resonant cavity that is symmetric 

with respect to the mirror planes of both waveguides. 

e Two resonant modes must exist in the cavity, each of which is even with respect to 

one waveguide’s mirror plane and odd with respect to the other. These modes should 

be the only resonant modes in the frequency range of interest. 
For their first set of experiments, the group used PBG waveguides of four different structural 

variations. The throughput and crosstalk plots are shown in figure 2.29, As shown in the 
diagrams, the introduction of the air holes increased the throughput from 75% to 90% and 

decreased the crosstalk from 7 to 0.08. 
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Figure 

crystal 

lreqwncy (de) 

2.29 - Throughput and crosstalk diagrams corresponding to the 
within the waveguide intersection6’ 

amount of photonic 

C .  Jin et al. proposed a photonic crystal fiber (PCF) utilizing a photonic quasi-crystal 

rather than a long-range ordered structure7*. The group created a 2-D octagonal quasicrystal 

constructed with a 23x23 array of alumina cylinders embedded in a Styrofoam template as 
shown schematically in figure 2.30. They found that that the straight and zigzag waveguides 

that had been tested exhibited very high transmission efficiency for wavelengths within the 

band gap. The actual band gap of the tested structure fell between 8.9 and 10.9 GHz. They 

also found that the incident angle of the radiation on the structure had little effect on the 

percentage of transmitted frequencies. The transmission plot demonstrating the structure’s 

PBG is shown in figure 2.3 1.  
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Figure 2.30 - Schematic top view of the alumina rod ~tructure’~ 

t .  - - - - *  22.5 I 

8 9 10 11 12 

Frequency ( GHz ) 

Figure 2.3 1 - Transmitted signal of the waveguided structure in arbitrary units. The different 

curves represent the different paths shown and numbered next to the transmission diagram7’ 

A. Chutinan and S, Noda proposed the first three dimensional photonic crystal that 

could be used in a practical optical 
previously described layered bar method to produce the waveguide. They simply removed 

one of the bars in the layered structure to allow a guided mode to propagate along that defect 

path. In order to change the direction of the light, the group first tried to remove portions of 
the bars in the same layer 90 degrees with respect to the original defect channel. This proved 

to be inefficient because of poor mode coupling between the two states. They did, however, 

succeed by removing a second channel perpendicular to the first, but in an adjacent layer. 

The radiation transmitted smoothly between the layers with an efficiency of over 95%, which 

as shown in figure 2.32. The group used the 
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was considerably better than conventional techniques with the same radius of curvature. The 

group then calculated the necessary minimum number of layers to efficiently confine the 

light to be twelve: five below, two defect layers, and five above. As the fabrication 

technology progresses, this process can be used to develop small optic circuits with low 

Iosses. 

Figure 2.32 - a hypothetical schematic of optical circuitry containing zero-threshold laser 
arrays, signal filters and optical waveguides72 

The same group used the same production methods to fabricate a waveguide structure 

The SEM image small enough to operate at communication wavelengths around 1300 

of the final waveguide structure with a 90 degree bend is shown in figure 2.33 on the 

following page, The sample was the first 3-D waveguide created with a bend that was able to 
transmit Iight. It had a transmission of greater than 95% over a wide frequency range from 

0.553 to 0.605 [da]. 

. 

Masatoshi Tokushirna et al. have fabricated a 2-D waveguide that successfully 

propagates wavelengths around 1550 nm around a sharp bend of 120 degrees74. An SEM 
image of the sample is shown in figure 2.34. They started with a silicon-on-insulator wafer 
with 2 microns of silicon on top of 2 microns of SiOz. Another thin 150 flfn layer of Si02 

was formed on the top of the silicon through oxidation, Triangular lattice holes with a pitch 
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of 800 nm, as shown in figure 2.34, were patterned and etched on the Si02 layer with 

standard photolithography techniques. The layers were then successively etched to create the 

final pattern including a waveguide. Each edge of the waveguide was coupled to a tapered- 

hemispherical-end fiber, which were used for the input and detection testing of the 
waveguide. It was ensured that no EM radiation could couple between the fibers, except 

through the guided path. The measurements resulted in a transmitted signal with a FWHM of 

around 4 pm. 

, 

Figure 2.33 - SEM image of a waveguide structure with a bar period of 700 nm containing a 
defect meant to propagate light through a 90 degree corner73 

Figure 2.34 - An SEM image of a 2-D sample with a waveguide path 

degree bend2'lI4 

undergoing a 120- 
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Lasers and light emitting devices 

Ever since the original discovery of the properties o f  photonic band gap materials, 

there has been considerable research directed towards the development of smaller, more 

efficient LED's and 
The first discoveries dealing with laser emission at zero threshold were centered 

around microcavities. The microcavities that were developed inhibited spontaneous emission 

and produced high stimulated-emission gain at low excitation levels, This was done at an 

extremely small scaleg1* 76-79, Lasers had been proven to work at an excitation threshold of 

-50 pJ when excited by a femtosecond source. The addition of a 2-dimensional photonic 

crystaI to the microcavity proved to increase the gain of the laser even furthers4. In 1999, R. 
K. Lee et al. showed that the 2-D crystal doubled the gain of the microcavity laser by the 
inhibition of spontaneous emission in the lasing plane. 

The idea of the microcavity spawned the photonic band edge laser,goP 92 which made 

use of PBG properties to increase the gain of the laser four-fold in vertical cavity surface- 

emitting lasers (VCSELs). One-dimensional periodic layers of gain media and dielectric 

material of 20 periods were tested and the result was the amplification of the frequencies at 
the low end of the prohibited gap. This was caused by the reflection inside the structure 
between the dielectric layers (inside the gain media) that stimulated photons at energies just 

outside the band gap. This extra time that the photons existed inside the gain media 

contributed to the total increase in the gain when the frequency outside the band gap is finally 

transmitted. 
Y .  A, Vfasov and his research group in Strasbourg Cedex, France, were the first to 

observe the effects of a pumped semiconductor infiltrated within a PBG matrix*'. They used 

synthetic opal structures fabricated by a sol-gel synthesis of a monodispersed suspension of 

silica spheres, which they then infiltrated with vapor flows of cadmium and sulfide. The 

result was a photonic crystal with a pseudo-gap surrounding nanocrystals of the 

semiconductor CdS. The crystal was then pumped by a XeCl excimer laser. The team found 
that the interference of the photonic crystal resulted in enhancement of the long-wavelength 
portion of the gain at the low-frequency edge of the photonic stop band. The lasing action of 
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the crystal was observed to increase exponentially with threshold pumping and it didn’t 

require any external mirrors or cavities. 
M, Meier et al. at Bell Laboratories in New Jersey experimented with the application 

of organic gain media into a periodic structure of small holes etched into silicag3. When 

photoexcited with a pulsed nitrogen laser of 337 nm, the structure emitted two sharp peaks: a 
transverse electric (TE) mode at 580 nm and a transverse magnetic (TM) mode at 596 nm. 
The structure was found to only have a pseudo photonic band gap, but it was still proposed 
that the prohibition of photons in certain directions gave rise to the laser oscillations. 

Several papers have been published that discuss two-dimensional PBG defect lasers 

and surface-emitting lasers constructed by several different production r n e t h o d ~ ~ ~ ~ ~ ~ .  The 

production techniques have ranged from photolithography and etching methods to 
elastomeric stamping of a sol-gel nanoparticle glass to forming an organic photonic crystal 
by replica molding. Each of these procedures has been used to produce a triagonal or 
hexagonal array of air holes in a dielectric gain media. In each case, the efficiency of the 

device was drastically increased by the 2-dimensional PBG structure in place. The output 
spectrum generally showed a large peak at the band gap and the device experienced low 

threshold pumping values. These developments were predicted to lead to new laser and 
light-emitting diode devices that require less power, emit less heat, and provide more light 

that previous designs. 
Mirrorless lasing was achieved in 2000 by Peidong Yang et al. with mesostructured 

waveguidesg3. They used a micromolding in capillaries and microtransfer molding 

techniques to fabricate mesoporous silica bars doped with Rhodamine 6G. The line pafterns 

were pumped by a 532 nm frequency-doubled neodymium-yttrium-aluminum-garnet laser, 

and the photoluminescence spectrum was detected from the ends of the doped bars. The 

experimental setup is shown in figure 86. A low threshold pumping energy of 10 kW/cm2 
was needed to produce amplified spontaneous emission from the ends of the patterned bars, 

which did not utilize a PBG effect. The group used a thennoelectrically cooled CCD 

detector to analyze the photoluminescence spectra. They found that for higher pumping 

intensities, the photoluminescence intensity grew superlinearly and the spectral width 

decreased to a minimum of 7 nm. The group concluded that the study could be furthered by 
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examining different host materials for the laser dye or by experimenting with different laser 

dyes to look for different optical results. Even though the experiment did not make use of a 

PBG effect, the process could be used in a PBG structure to amplify the observed 

photoluminescence. 

Figure 2.3 5- ExperimentaI setup demonstrating mirrorless lasingg3 

Sensors 

94-96 A Photonic band gap materials have also proven usekl in the area of detectors. 
detector placed in a defect mode of a three-dimensional PBG structure will become a 

resonant cavity enhanced photodetector. The electromagnetic radiation of a certain 

wavelength can be separated in this manner and can arrive at the detector without external 
noise. Optical temperature sensors have also been proposed by John Ballato at Clernson. He 

used the silica structure discussed previously to infiltrate with 1 -methylnaphthalene (MN), a 

material that has a negative index of refraction dependence with temperature. As the 

temperature of the photonic crystal changes, so does the transmission through it as a result of 

a change in index of refraction contrast between the MN and the silica. The dependence is 

fairly linear, and the sensor is projected to have several applications from optical switching to 

thermometers. Similar sensor mechanisms are also possible by utilizing the same 

transmission dependence on certain properties as suggested by A. 2. Genack and N. Garciag7. 

They mention electronic sensing applications as a result of displacement of a piezoelectric 
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matrix that could alter the periodicity of the PBG, and therefore, the transmission. The 

authors also discuss the possibilities of frequency identification because of the ability of a 

photonic crystal to identify a fiequency of a tunable source from its transmitted characteristic 

peaks. 
The vast application possibilities for photonic band gap materials cannot be 

completely covered in this proposal. As the current major areas of interest have been 

discussed, a few remaining applications will be simply mentioned 

used as substrates for microwave antennas to improve their efficiency. Without a PBG 

substrate, much of the power of the antenna is trapped within the high refractive index 

substrate because of TIR, The PBG substrate forces the emitted radiation to propagate into 
the air. Another more obvious application that has been discussed is the use of a 

metallic/dielectric band gap structure to use as a frequency filter in the infrared frequencies. 
This could possibly be used in current circuitry to sort signals. An interesting possibility for 

PBG structures was suggested by D. F. Sievenpiper et al.''' They discussed the use of 

photonic crystals for optical image processing. The structure they developed can perform 

several Boolean logic functions at one time rather than the less efficient circuitry used today. 

98-104 . PBG's have been 

Fabrication Methods 

The method in which the PBG structures are created, for the research purposes of this 

proposal, is called micro transfer molding (pTM). A polydirnethykiloxane (PDMS) 

elastomer mold was infiltrated with an epoxy to apply to a substrate iteratively to produce a 

3-D epoxy bar structure. Some of the first work in this area involved the usage of the PDMS 

mold as a stamp to create gold patterns on a substrate called micro contact printing (PCP)'~~. 
A. Kumar et al. used a PDMS mold formed fkom a patterned silicon wafer. They coated the 

mold with a hexadecanethiol solution, which was then stamped onto a silicon substrate 

covered by a thin gold layer. The substrate was then etched, leaving behind only the stamped 

gold regions. This process is shown in figure 2.36. 
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Figure 2.36 - pCP Process used to stamp patterns onto a gold layer in order to make small 

features143 

Feature sizes from 1-100 pm were created using this technique. The advantage of 

this method over conventional photolithography techniques was the ease and speed at which 

features couId be produced. MuItiple impressions could be made by the same mold without 

additional photolithography steps. "he disadvantage of the process was the problem of the 

sharpness of the desired design. Lines and features may become blurred as the ink is applied 

unevenly. 

From this pCP stamping method, a micro transfer molding (pTM) procedure was 

developed which made the production of three-dimensional structures possible. X.-M. Zhao 

et, began using the PDMS molds to infiltrate with a liquid precursor by capillary action. 

The mold could then be placed on a substrate and peeled away after the setting of the 

precursor, leaving behind only the polymer. This procedure was effective on smooth or 

rough surfaces, which made it possible to stack layers of certain designs, developing a 3-D 

structure. This process is shown in figure 2.37. 
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Figure 2.37 - The pTM procedure used to stack epoxy bars, utilizing the PDMS elastomer 

The group infiltrated the mold by placing a drop of the prepolymer over the patterned 

area and removing the excess by blowing nitrogen or using another flat piece of PDMS to 

scrape it away. The whole process took less than five minutes. As shown in the figure, the 

method was a simple, efficient method that could be used to build a 3-D PBG structure. A 
small layer of the poIymer was detected on the substrate after application because of poor 

excess control, but did not appear to affect the Znd or 3rd layers significantly. 

The microtransfer molding techinique was adopted by the Iowa State University 

research group, who had been developing 3-D PBG structures by using other ceramic 
processing methods. The team infiltrated the polymer 3-D structure with titania by means of 
slurry infiltration or sol-gel techniques'46. This method made possible the production of 

much smaller photonic crystah than previously could be made. After slurry or sol-gel 

infiltration and firing, a titania bar structure remained that produced a three-dirnensiona1 
photonic band gap in the near infrared frequencies. 
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Laser Dyes with Scatterers 

Organic dye lasers have been used for many years as a tunable source of high 

intensity and short wavelength laser lurnines~ence'~~. There are four principal types of 
organic dye lasers that are characterized by the energy source used to initiate the laser action. 

They are the flashlamp pumped, nitrogen laser pumped, neodymium laser pumped, and argon 

ion laser pumped systems. These lasers can be tuned to emit different wavelengths by 

changing the concentration of the dye. 

Figure 2.38 - Emission spectrum of a 2.5 x 

methanol pumped by 3-mJ (7-11s) pulses for (a) and (c) ,  and 2.2 pJ (7-ns) pulses for (b) at 

532 nm. Solutions (b) and (c) also contain 2.8 x 10" cmm3 Ti02 nanoparticles. The 

amplitude of (b) is scaled up 10 while the amplitude of (c) is scaled down 20 to fit on the 

same 

M solution of rhodaminne 640 perchlorate in 

A recent area of interest in the dye laser field is the introduction of a scattering media 
108-1 19 within the dye + Several authors have found that scattering particles dispersed within a 

polymer gain media will increase intensity while decreasing the threshold and linewidth of 

the laser-action emission. Figure 2.38 demonstrates the ability to increase intensity and 

decrease the linewidth of a laser dye by the addition of scattering particles. It was suggested 
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that the scattering media introduced into the laser dye would suppress the spontaneous 

emission and enhance the stimulated emission of the laser, which was a desired effect. The 

concentration of the laser dye material and scattering media within the dye were found to 

have a large effect on the luminescence spectrum of the laser. Therefore, the ideal 

concentrations were investigated and found to be a 2.5 xlOP3 M solution of the dye with a 

density of -10" scattering nanoparticles per cm3. Scattering particles also reduced the 
threshold power needed to initiate lasing in each dye Iaser, which was thought to be a result 
of an increased Iaser beam path through the media as the beam is reflected back and forth. 

This is similar to the band edge laser discussed earlier in this paper, operating on photonic 

band effects instead of scattering particles. 
Opal structures were also infiltrated with laser dyes in an attempt to achieve similar 

lasing results as the scattering n~ed ia '~ ' - ' ~~ .  Silica spheres were generally used to create the 

structures to be infiltrated with a solution of rhodamine 6G or other dyes. The tests also 

resulted in the linewidth narrowing of the spectral emission of the samples when pumped by 

another laser source. This was also attributed to amplified spontaneous emission (ASE) 
because of the internal reflection from the opal structure and its PBG effects. 

In 1998, E. P. Petrov et al. demonstrated the effect of a PBG structure on the emission 

of a laser dye124. They used an artificial opal structure of 200-300 nm silica spheres, which 

was infiltrated with the laser dye 1 ,8-naphthoylene- 1 ' ,Z'-benzimidazole (7H- 

benzimidazo[2,1 -a]benz[de]isoquinolin-7- 1) (NBL4) in poly methyl methacrylate (PMMA). 
This was compared to a thick polymer film of the NBIA in PMMA. The opal sample used 

demonstrated a pronounced stop band in the 500 nm region, which lies in the fluorescence 

emission band of NBIA. The sample was excited by a TEA N2 laser with a pulse duration of 
500 ps and a wavelength of 337.1 nm. The fluorescence measurements were collected in the 

direction normal to the surface within a solid angle of 0.097~. The result of the experiment 

was that the PBG structure inhibited spontaneous emission at the stop band wavelength and 

also shifted electron decay times both ahead and behind the control sample decay times, The 

spontaneous emission plots for both samples are shown in figure 2.39. 
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Figure 2.39 - (a) Photoluminescence spectra for ( -) the NBIA dye polymer infiltrated into 

the photonic opal crystal and ( --- ) The control NBIA dye polymer alone. The dashed peak 
to the left is the pumping laser spectrum (b) The ratio of intensity between PEG infiltration 

and control samples124 

PPV Polymer Luminescence 

Poly@-phenylene vinylene) (PPV) was one of the first polymers to be used as the 

light emitting layer in a light-emitting diode (LED) The original efficiency measurements of 
the semi-conducting polymer were around 0.01 % of photons emitted per injected electron'25. 

Since the discovery, variables such as setting time, temperature, amount of conjugation of the 

polymer, addition of an electron transport layer, electrode material selection, and the 

introduction of disorder into the polymer have been optimized to develop a gain layer with 
efficiencies around 2% of photons emitted per injected electron 125-142 . 
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CHAPTER 3: EXPEFUMENTAL APPROACH 

Mold Fabrication 

Photonic band gap structures can be produced in many ways. Our research is focused 

on the building of the PBG structure with epoxy bars. The first step in this procedure is 

creating an epoxy bar structure in which titania can later be infiltrated. This procedure is 
outlined below step by step and is depicted in figure 3 .I. 

POMS full of @pow applied to substtat4 Final &dun 

Figure 3.1 - Process used to build epoxy structures 

The first stage of the process was creating a positive image of the final desired 

structure, The 0.4 prn periodicity samples were made at Sandia National Laboratory with 

this use of eIectron beam lithography on a silicon wafer. The 1 .O mm and 2.5 m periodicity 

samples were fabricated using standard photoIithography techniques on a silicon wafer at the 

National Science Foundation laboratory at Iowa State University. 
The next stage of the process was creating a negative of the final structure, using Dow 

Corning - Sylgard(R) 184 Silicone Elastomer Curing Ag (PDMS), which was poured into the 
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patterned silicon wafer. The PDMS was made with a mixture of ten parts resin to one part 

hardener and was poured into a metal ring around the positive structure on the silicon wafer. 
The ring was held in place by the PDMS. The sample was left on a flat surface for an hour to 

allow for the escape of bubbles and then it was placed in a furnace at 75'C for five to six 

hours to set. When the PDMS was left in the hrnace longer than a day or two, samples were 

more difficult to infiltrate because of different surface interaction with the epoxy - Iarge 

amounts of the epoxy wouId stick in place on the PDMS, prohibiting the back and forth 
motion necessary to fill the grooves. After the PDMS rubber was set, it was cut out of the 

metal ring with a razor blade and labeled with the date and a letter corresponding to the 

silicon mold on which it was formed. The negative of the mold was placed in the furnace 

face up on a glass plate at 65OC. 
The next stage of the process involved infiltrating the PDMS negative mold with 

epoxy. Tra-Bond 2 1 15 and Tra-Bond F113 epoxies manufactured by Tra-Con were used for 
the infiltration; the only difference between the two was the viscosity - 250 cps for the 21 15 

and 180 cps for the Fl13. The epoxy was mixed at a ratio of 2.7-2.8 parts resin to 1 part 

hardener. There were three methods used to create the lst layer of the structure. Two of 
these methods allowed for the application of the layer onto any type of substrate and the 

other built the layer on an epoxy substrate of the same material of the bars. The first method 

of creating a one-layer sample was pulling the PDMS from the hrnace and placing an excess 

amount of epoxy on the center of the negative mold. The PDMS was then immediately 

placed face down on a glass slide, ensuring that the entire mold was in contact with the slide 

and that no bubbles appeared in the patterned area. After curing for two or three days, the 

PDMS mold was slowly pulled from the glass slide in the direction of the bars, leaving the 

epoxy behind on the glass. The slide was finally placed in a dessicator. Another method of 
making the first layer involved placing a washer over the sample area on the PDMS and then 

filling the washer with epoxy. When cured, the washer was pulled from the PDMS, leaving a 

1'' layer of epoxy bars on an epoxy substrate inside the metal washer. These first two 
methods could only be used to create a one-layer sample. A more complicated procedure 

was necessary for subsequent layers and a first layer without an epoxy film underneath it. 

Using a small metal wire with a hardened ball of epoxy at the tip, the fresh epoxy was 
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applied in a slow sweeping motion back and forth across the pattern perpendicular to the 

grooves. The number of times that the epoxy was swept over the pattern was varied in order 
to find an optimal procedure to fill the mold completely without overfilling. Variations of 

this procedure are discussed in the results section. 

Alignment 

In order to align the epoxy bars to make two or more layer structures, a mechanism 

was designed to make use of the diffraction patterns exhibited by the structure when exposed 
to a laser beam. The design allowed for translational motion on three axes and rotational 

motion in a plane perpendicular to the normal of the patterns. In this manner, the two 
patterns could be lined up exactly to create the correct geomitry for the final structure. The 

procedure for using the laser alignment is outlined below. Currently, the system is only 

capabIe of Znd layer alignment. 
After the PDMS mold was filled with epoxy, it was set out for two to six hours to 

allow it to partially cure until it became very viscous. The edges of the mold were cut to 
make removal fi-om the alignment device easier, and the mold was placed face down in the 

circular opening at the top of the aligner. A previously made one-layer structure was placed 

face up on a cone attached to the three-dimensional translation mechanism, and the two 

structures were brought close to contact by using four set screws on the side of the aligner. 

The two patterns were aligned on top of each other with the use of the side-to-side and front 
to back motion of the translation device. A 670 nm diode laser was then positioned above 

the two patterns and shone through them to create a diffraction pattern on a screen below. A 
grid on the screen was used to align the patterns 90 degrees from each other by rotating the 

PDMS mold until the first and second order diffraction dots were perpendicular to each other 

in each direction. When the samples were aligned, they were placed into contact using the 
third direction of motion of the translational device and removed through the top of the laser 

alignment system. The patterns were checked to ensure that full contact was achieved across 

the entire sample and they were set to cure for three days before peeling off the PDMS mold, 

leaving behind a two-layer structure of epoxy. 



48 

Alignment was also achieved in the NSF laboratory with the use of a mask alignment 

device. This equipment made it possible to view both the 1'' layer sample and the PDMS 

containing epoxy superimposed on one another before contact was made. The PDMS mold 

was placed on the vacuum assisted chuck upside-down, and the 1'' layer sample was placed 

on the bottom pIate. A microscope was used to focus on both of the layers as they were 
moved closer towards contact with the use of a vertically translational mechanism. When the 

layers were close enough, they could both be focused at the same time and aligned before 

final contact. 

Slurry Infiltration 

The slurry infiltration procedure was performed by Henry Kang, who provided the 
foIlowing procedure information. A five to forty weight percent colloidal suspension of 
titania nanoparticles was made with DI water. The suspension was centrifuged at 3000 - 
25000 rpm to remove large particles and agglomerates so the resulting suspension would 

contain only small particles (< 1 pn) that could infiltrate into the cavities of the epoxy mold. 

The particle weight percent of the centrifuged suspension was usually reduced significantly 

and could not be used to infiltrate the epoxy mold efficiently. Thus, the centrifuged 

suspension needed to be concentrated again by slowly evaporating the excess DI water in a 
temperature-controlled oven. The suitable particle weight percent for infiltration was 
determined to be around 0.05%, whereas two drops of the suspension sufficiently filled one 

layer of the epoxy mold. The pH of the suspension was controlled to be between 7 - I1 

using ion exchange resins. Small amount of dispersants were added to help to prevent the re- 

agglomeration, and binders were added to increase the mechanical strength of the green state. 
A round metal washer with an area slightly bigger than the epoxy pattern was placed 

around the epoxy pattern with a magnet holding it on the other side, Two to three drops of 
the centrifuged and re-concentrated titania suspension were dropped into the washer, and the 

drops were dried at temperature around 25 - 35 OC for 30 - 60 minutes. The above process 

was repeated for infiltrating multiple layers. AAer drying of the infiltrated epoxy mold, 

isostatic pressing was used to further densify the material. Finally, the sample was fired to 

550 degrees Celsius with a ramp-up time of 8 hours and a soak time of 5 hours to remove the 
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epoxy mold and to sinter the titania structure. The remaining titania bar structure was the 
inverse of the epoxy bar structure. 

Sol-gel Infiltration 

The following sol-gel procedure was also performed by Henry Kang. The sol 
(precursor) used for infiltration contained nanoparticles dispersed in a solvent (e.g. 

isopropanol, ethanol). Titanium diisopropoxide bis (2,4pentadionate) (TDBP) and titanium 
(IV) isopropoxide (TJPP) were the two precursors primarily used in the procedure. TDBP 

has a relatively slow gelation rate and could be handled in air, while TIPP is extremely 

sensitive to moisture and needed to be handled in a dry nitrogen glove box. The precursors 

were introduced to the epoxy mold by spin coating. Before spin coating, the precursors were 

either diluted with appropriate alcohols (usually 2-proponol) or kept at the same 
concentration as received. Two to three drops of the solutions were dropped on the top of the 
epoxy pattern and the sample was immediately spun at a speed of 2000 to 4000rpm for one 

minute. Generally, the slower the spinning speed, the more the precursor material was filled 

in the epoxy moId. Thus, the spinning speed was set depending on the characteristics of the 

epoxy mold, For instance, one would want to set a high spinning speed to coat a one-layer 

mold and set a lower spinning speed to coat a multiple-layer mold. After spin coating, the 

sample was dried in air for a couple hours or until the gelation reaction was completed, The 
drying was also attempted at an elevated temperature of 100°C - 1 10°C. AAer drying, the 

sample was fired to 550'C with a ramp-up time of 8 hours and a soak time of 5 hours to 

remove the epoxy mold and to convert the precursor into titania. The remaining titania bar 

structure was the inverse of the epoxy bar structure. 

Characterization Methods 

Several methods were used to determine the quality of the PBG samples. The 

simplest method was examining the samples under an optical microscope. The desired 

resolution dictated the equipment that was needed. Quick checks on the samples were 
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performed with an OIympus 071 optical microscope, and more in depth analysis was done on 
either a Jeol JSM - 6100 Scanning Electron Microscope (SEM) or an R J Lee Instruments 

Personal Scanning Electron Microscope (PSEM). The use of these high-resolution machines 

however, required the samples to be coated with a conductive layer, which rendered them 

useless for Eurther application. 
The quality of the layered bar structure was also analyzed in a physics laser 

Iaboratory with the use of reflective diffraction detection. A 457 nm wavelength laser was 

aimed through a small pinhole to create a small spot size on the sample. The reflected 

diffraction pattern was collected in a hemisphere screen and recorded by a CCD camera. The 
experimental setup is shown in figure 3.2. This method determined the defect level of the 
sample by analyzing the intensity of radiation in between the principle diffiaction dots, 

Figure 3.2 - Experimental setup used to make reflected diffiaction pattern measurements 
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CHAPTER 4: RESULTS AND ACCOMPLISHMENTS 

Experimental Equipment 

Research to date utilizing the proposed procedure has resulted in the fabrication of 

consistently good two-layer PBG samples with a periodicity of 2.5 pm and 1 .O prn, and the 

preliminary experimentation with the fabrication procedure of the 0.4 prn sample. The first 

step towards the production process of these samples was designing and building a clean box 

in order to isolate the samples fiom the dust and other airborne contamination in the 
laboratory. To do this, 3/8 inch plexi-glass was used to make a 6’ long by 2’/2’ wide by 3’ 
high box with fan towers in the top to blow air through dust filters. The air from the fans was 

meant to provide a positive flow of clean air through the box so that when the door in the 
front is open for working purposes, only clean air was allowed into the work area. A picture 

of the clean box is shown below as figure 4.1. 

Figure 4.1 - Clean box built to house the fabrication process of epoxy molds 
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It was also necessary to develop a method to align the layered structures 90 degrees 

from one another. The alignment system discussed previously was designed, which takes 

advantage of the diffraction properties of the layered samples, The alignment mechanism 
was designed to operate with rotational and translational microscope stages and machined by 

the metals development shop. A picture of the system is shown below as figure 4.2. The 

laser alignment system could be used to align the 2.5 and 1 .O pm samples, but the diffraction 

dots were not visible through the 0.4 pm samples because of the reduced bar spacing to the 

point that the 1'' order dots were diffracted at an angle greater than 90 degrees. It would be 
possible, however, to use a higher frequency laser for the 0.4 micron samples in order to be 

able to see the diffraction pattern. Alignment was generally successful for two-layer 

samples, but many there were many problems with aligning the first and third layers offset 

half of period from each other. 

Figure 4.2 - Laser alignm&t system designed for the 2.5 and 3 .O pm samples 
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Epoxy Infiltration 

One Layer Methods 

Two procedures were mentioned earlier that dealt only with creating a 1'' layer 

sample: applying excess epoxy to the PDMS mold and then pressing it onto a substrate and 
filling a washer with epoxy on top of the PDMS mold. Both of these procedures resulted in a 

perfect, consistent Is' layer. The probIem with these methods was that neither of them 

resulted in an epoxy structure built directly upon a given substrate that would hold an 
infiltrated sample. For example, the one drop method would leave a small film between the 

bars and the substrate and the washer method resulted in a free standing structure with only 
epoxy for a substrate. The epoxy substrate was thought to be a good way to make several 

layer samples by infiltrating a two-layer structure on a glass substrate and a two-layer 
structure on the epoxy substrate to finally place both of them into contact and fire to obtain a 
four-layer titania network. This method however, was unsuccesshl, and it was thought that 
large mass of the epoxy substrate was too much material to be evacuated from around the 

titania bars. The burning out of the epoxy seemed to destroy the top layers of the sample, 

leaving only remnants of the titania on the final substrate. After several experiments, it was 
found that the thin layer of epoxy left after the one-drop method really did not have any 

effect on the final fired sample. Therefore, it was considered the preferred method in 

fabricating one-layer sampIes. 

Multi-layer Methods 

The fabrication of samples comprising more than one layer proved to be the most 

difficult part of this project and became the main focus of this paper. The main problem in 

the mold production was that it was almost impossible to reproduce a previous procedure or 

even to achieve consistent results for samples being made at the same time. Several of the 

variables involved in the process are summarized in table 4.1. The table also lists an 

estimated rating of the importance of each variable and the ability to control that variable. 



54 

The table is arranged by the strength of the effect that each variable contributes to the final 

mold, which is ranked on a scale ftom one to ten, one having very little effect and ten having 

a large influence on the quality of the mold. The “Ability to Control” column is also rated on 
a scale from one to ten, one being extremely difficult to control and ten being very easy to 
control. It is apparent from the table that the more important variables are the ones that are 

the most difficult to control, coupled with the fact that it was only possible to produce two to 
four molds a day, made it very difficult to set up any kind of design of experiments (DOE). 

Each variable is discussed here in more detail based on laboratory experience. 

Table 4.1 - Variables involved in the mold production procedure 

The PDMS was easy to controI and didn’t have much effect on the epoxy structure. 

The resin and hardener ratio was easy to regulate because the amounts were large enough to 

accurately measure, and the furnace time frame needed to set the PDMS could range 
anywhere from four hours to two days. Before four hours, the PDMS would not be 

completely set and after two days of being in the furnace, it was more difficult to infiltrate 

the PDMS with epoxy. When infiltrating an affected sample, the epoxy would stick in place, 

becoming much less fluid than usual. In this state, it was impossible to remove the epoxy 

from the pattern, which ruined the entire sample. A possible explanation is that the length of 
furnace time affected the surface energy of the PDMS material because of bond changes. 
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The extended high temperatures could have also caused alterations in the rubber material or 
structure, leading to porosity or defects that would attract and hold epoxy in place. 

Temperature was also a factor during the infiltration of PDMS with epoxy - liquids were 

observed to wet the PDMS more as temperature increased. This property was useful in 

increasing the capillary action needed to fill the grooves in the PDMS with epoxy. 

The resin to hardener ratio for the epoxy was extremely difficult to regulate because 

of the small amounts involved. Only about 30 mg of epoxy was needed for the procedure, 

which was difficult to measure on the available scale in the lab. Factors such as air pressure 

from the tower fans and general vibrations in the lab caused noise in the reading from the 
scale around +/- 8 mg, which made accurate mixtures difficult to make. Generally, it was 

possible to tell whether or not the epoxy mixture was resin dominated or hardener dominated. 

The effects of a poor mixture included increased curing time and odd overfilling tendencies 

during cooling, which could be responsible for the variance observed in final molds with 
respect to the more controlIable variables. 

The ambient temperature and humidity of the laboratory were the most difficult 

parameters to control in the process. The Gilman facility used was not well suited for 

climate control, and therefore the conditions in the laboratory continually varied. Samples 

tended to be of higher quality in low humidity and ambient temperatures around 65 OF. High 

humidity also caused probIems for the adhesion of the structure to the glass substrate. The 

sample would lift off of the glass as subsequent layers were added if subjected to high 

humidity. To solve this problem a sample was either kept in a dessicator or was left adhered 

to the PDMS until it was necessary to remove. 

Most of the critical parts of the procedure involved the temperatures, times, and 

number of sweeps across the sample during the application process. The amount of epoxy 
that remained within the grooves was strongly dependent on procedure. The final objective 

in making the layer was finding the optimal amount of infiltration so that the grooves were 

completely filled; yet not overfilled. This was a delicate balance as it was necessary to find 

the correct combination of a11 of the variables that worked together to output the exact 

amount of epoxy necessary to just fill the mold. From experience, it seemed that the most 

important variable to consider was the temperature of the PDMS during and just after the 
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infiltration step. Temperature affected many aspects of the experiment. First of all, the 

viscosity of the epoxy decreased with increasing temperature, and the cure time drastically 

decreased with increased temperature. Also, the ability of the epoxy to wet the PDMS 
seemed to increase with the increasing temperature. For these reasons, a furnace temperature 

between 60-70 'C was used to heat the samples between infiltrations. While the epoxy was 

in the furnace, it would partialIy cure, and the PDMS would also be heated so that the new 

epoxy would be extremely fluid while infiltrating the next round. Several iterations of this 
process were necessary, which is because the epoxy would shrink considerably while curing. 

The ability to keep the PDMS hot throughout the infiltration was varied by setting it on a 
larger/smaller plate that would retain more/less thermal energy during the steps of the 

procedure outside of the furnace. It was suggested that a hot plate or some sort of heating 
device could be used to maintain a higher mold temperature. However, if the sweeping of 

the epoxy across the mold were finished while everything was hot, the epoxy did not stay in 
the grooves. It is thought that it is necessary that the epoxy cool during application to 

promote adhesion because of the higher viscosity of the epoxy at a lower temperature. For 
this reason, epoxy was applied PDMS on the hot glass until the final pass across the sample 

area, at which point the PDMS was transferred to a cold glass plate to cool it rapidly. 

The parameters that could be controlled the best and also had a large effect on the 
final structure involved the sweeping of the epoxy over the pattern. The rates both side-to- 
side and forward and back affected the ability of the epoxy to fill the grooves. The number 

of sweeps across the pattern each step and the number of steps affected the total amount of 
epoxy that finally remained in the mold. As stated earlier however, the temperature of the 

epoxy was a large consideration that could totally change the necessary total number of 
sweeps to fiIl the mold. Figures 4.3 - 4.8 show PSEM images of several 2.5 micron samples 

and their respective sweeping procedures. Figures 4.9 -4.13 show several 1 .O micron 

samples and their respective sweeping procedures. Figures 4.14 - 4.14 show a few 0.4 
micron samples and their respective procedures. Most of the samples were two-layers 

because of the problem with alignment, but one four layer sample is also shown. A sweep is 

defined as a pass back and forth across the sample area. 
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Figure 4.3 - wu-luyzr 2.5 micron epoxy saL.,le made on 9 - 6 L ~ 0 .  Epoxy was applied 
with sweeps of 4.5,3.5,2.5, and 1.5 times with approximately 5-10 minutes in the furnace in 
between applications, The sample was left in ambient air for 3.5 hours then 3.5, 1.5 sweeps 

were applied, 

Figure 

with sweeps of 7 S  and 2.5 times with 5-10 minutes in the furnace between applications 
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Figure 4.7 - Two-Iayer2.5 micron epoxy sample made on 10-18-2000. Epoxy applied 4.5, 
3.5,2.5, and 1.5 times, was mixed again and applied 4.5, 3.5, 2.5, and 1.5 times again. 

Furnace times of 5- 10 minutes. 

Figure 4.8 - Two-Iayer 2.5 micron epoxy sample made on 11-14-2000. Epoxy applied 4.5, 

3.5, and 2.5 times, was mixed and applied again 3.5 and 2.5 times slowly. Furnace times 5- 

10 minutes between applications. 
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Figure 4.9 
times .with 5 minutes in the furnace between each application. 

Figure 4.10 

died 4,4,2 

:r viscosity 

epoxy. It was applied 4 and 4 times, then new epoxy was mixed and applied 4 and 3 times 

then mixed again and applied 3 times across. Furnace times were around 5 minutes. 
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Figure 4.1 

and3 time 

1 - Two-layer 1 .O micron epoxy sample made on 2-1 1-2001. Epoxy app 
:s then 4 and 4 times after mixing new epoxy. 

Figure 4.1 

epoxy. E] 
Furnace ti 

died 4,4, 

~~ ~ 

2 - Two-layer 1 .O micron epoxy sample made on 2- 12-200 1 with higher 

3oxy appIied 4,4, and 4 times then 4 and 4 times after mixing a new batcl 

mes of 5 minutes between applications. 

viscosity 

h. 
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Figure 4.13 - Four-layer 1 .O micron epoxy sample (defect region shown for visibility of 

lower layers) qfh layer made by applications of 4 and 3 then 4 and 3 after a second mix. 

Figure 4.14 - Attempted two-layer 0.4 micron epoxy sample made on 1-30-2001, Epoxy 

applied 3.5,3.5, and 2.5 times across the sample. Furnace times of 5 minutes in between 

applications. 
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Figure 4.15 - Attempted two-layer 0.4 micron epoxy sample made on 2-6-2001. Epoxy 
applied 3.5 and 2.5 then mixed then 3.5 and 2.5 then mixed then 3.5 times across, Furnace 
times of 5 minutes in between applications. 

Figure 4.16 - Two-layer 0.4 micron epoxy sample made on 2-12-2001 with the higher 

viscosity epoxy. Epoxy applied 4,4,4,4,  and 4 times before another epoxy mixture was 

made and then 4,4, and 4 times more. Furnace times of 5 minutes again. 
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The procedure for making samples was generally modified each time, depending on 

previous outcomes and the current progress as monitored with a lox optical microscope 

inside the clean box. Since there were so many uncontrolled variables involved, it was 

difficult to state a specific ideal experimental procedure. For the 2.5 micron samples, the 

most successful process used two mixes of epoxy. The first mixture was used to sweep back 

and forth across the pattern 4,3 ,2 ,  and 1 time with 5 minutes of furnace time in between the 

infiltrations. At this point, the epoxy was generally too viscous to be useful because of 
curing effects, and a second batch was mixed. The second epoxy mixture was used for about 
4, then 3 sweeps across the pattern. For the 1 .O micron sampIes, the most successful process 
only required one epoxy mixture. It was used to sweep across the sample 4,4, then 3 times 

across the pattern with 5 minute furnace holds in between the infiltrations. It was still 
necessary to monitor the progress of the epoxy-filling ratio at every step of the procedure, 

One could determine how well the grooves were filling and modify the process as necessary. 
Usualiy, after the infiItrated sample had been cooled for 5-10 minutes, the epoxy would ball 
up as if the sample is overfilled. This effect would diminish and disappear as the epoxy 

cured. 

Overall, the 1 .O micron samples were much easier to infiltrate than the 2.5 micron 

structures, This was likely to be caused by the increased capillary action in the smaller 
channels and also the smaller amount of epoxy necessary to fill the molds, which lessened 

the effect of expanding and contracting that took place during heating, cooling and curing. 

Also, fewer sweeps were necessary to fill the 1.0 micron sample The 0.4 samples were not at 

all successful, which is most likely attributed to a defective master silicon mold. The 0.4 

samples have seemed to get progressively worse each time as well, which suggests that the 

use of the master mold causes contamination that affects subsequent molds. The PDMS 
moIds were viewed during the infiltration process and they appeared to be overfilled and 
underfilled at the same time, meaning the epoxy would ball up on the sample. This was 

common for the other samples only if the grooves were already completely full, but the 0.4 
micron mold would exhibit this non-wetting property even though the grooves contained no 

epoxy. 
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Alignment 

Two alignment procedures were explained earlier in this paper: laser alignment and 
optical alignment with the use of a mask aligner. It was noted that the laser alignment system 

was capable of only second layer alignment, but third and subsequent layer alignment was 
possible if half period spacing between even and odd layers was not a consideration. The 

optical system was able to accommodate the half period spacing requirement but not 

completely. There was a problem with the matching between layers already applied to the 

substrate and the matching grooves in the PDMS mold. Because the PDMS was flexible, it 

did not exhibit the same periodicity or bar spacing all the time, which could have been 

caused by the deformation of the mold during alignment. For example, a pattern that was 
aligned perfectly on one edge with the mask aligner would be out of alignment as it was 
shifted towards the middle. Therefore, there were regions of good alignment and regions of 

bad alignment. Thicker PDMS molds were used in an attempt to alleviate this effect, but it 

could not be completely eliminated. 

Slurry Infiltration 

Henry Kang, who is the source for the following information, did most of the work on 
the slurry and sol gel infiltration of the samples. Several modifications have been considered 

in the attempt to produce a titania slurry that would be best suitable for infiltrating the epoxy 

bar structure. These included varying the pH, adding dispersants or adding binders into the 

shrry. So far these modifications have not seemed to help produce a better titinia bar 

structure at the end. The most successful two-layer titania structure produced used a plain 

centrifbged suspension without any additives, and the sample was isostatic pressed prior to 

the firing. The SEM images of the structure are shown below in figure 4.17. Infiltrating a 

four-layer epoxy mold was also attempted and the resulting titania structure is shown in 

Figure 4.18. Notice the titania bars in the four-layer structure appear to be wider (indicating 

excess amount of materiaI), have rough edges, and are slightly folding inward. Also, the 

bottom layers seem to have less material than the top layers. Although it is not clear what 
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caused the imperfect structure, capillary actions between the mold and the slurry droplets, 

and air trapped within the molds could all be the potential factors that prevent the slurry fi-om 
infiltrating downward. This resulted in less material in the bottom layers and excess amount 

of material on the top layers. In the drying step, re-agglomeration could have occurred and 

induced the formation of particles with dimensions larger than the feature size of the epoxy 

mold. The large particles would be trapped at the top without being able infiltrate to the 

bottom layers of epoxy, which could have resulted in an excess amount of material at the top 

layer. 

Figure 4.17 - Two-layer slurry-infiltrated titania structure. The structure has a periodicity of 

2.5pm. The image on the right is the tilted view of the structure. 

So far the titania slurries were only used to infiltrate epoxy molds with periodicity of 

2.5 micron (which have a gap width of about 1.5 micron). In order to be able to infiltrate the 

epoxy molds with periodicity of 1 micron (which have a bar spacing of about 0.6 micron) or 

smaller, the smaller size of the titania particles as well as the stability of the particles in the 

solution becomes more critical. 
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Figure 4.18 - Four-layer shrry-infiltrated titania structure. The structure has a periodicity of 

2.5pm. The image on the right is the tilted view of the structure. 

Sol Gel Infiltration 

Henry Kang provided the following results. TDBP was diluted with isopropanol 
from its original weight percent of 75% to 25% for infiltrating two-layer epoxy molds. A 
two-layer epoxy mold with periodicity of 2.5 micron was spin coated with diluted TDBP at 
4000 rpm for 3 minute, then placed in a humidity chamber for - 24 hours to promote the 

gelation reaction. The process was repeated to ensure the epoxy mold was properly filled. 

The resulting structure after calcination is shown in Figure 4.19, Compared to samples 

infiltrated by titania slurries, the samples resulted from the sol-gel processing better 
represented the inverse structure of the epoxy molds. However, the titania bars at the top 

layer tended to sag downward in between each two supporting bars of the bottom layer, as 

shown in Figure 4.19. The main cause of this phenomenon has not been well understood, 

however, it is possible to improve the sagging by applying more precursor materials. A four- 

layer epoxy mold was spin coated with TDBP as received (75 wt%) at 5000 rprn for a 

minute. The infiltrated sample was then dried in air for about three days. The resulting 

structure after heat treatment is shown below in Figure 4.20. Again, the four-layer sample 

prepared by sol-gel processing exhibited a better structure than the ones prepared by titania 

slurry. However, the sagging phenomenon described above was still observed. 
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Figure 4.19 - Two-layer TDBP infiltrated titania structure. The structure has a periodicity of 

2.5pm. The image on the right is the tilted view of the structure taken at a tilt angle of -80". 

Notice the sagging phenomenon of the titania bars. 

Figure 4.20 - Four-layer TDBP infiltrated titania structure. The structure has a periodicity of 

2.5pm. The image on the right is the tilted view of the structure taken at a tilt angle of -60". 

Notice the sagging phenomenon of the titania bars. 
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An attempt to solve the sagging problem observed in the 2.5 micron sample was to 

use TIPP instead of TDBP. The preliminary study indicated that the TIPP precursor would 

leave a larger amount of titania, which could lead to less sagging after heat treatment, 
However, 2.5 micron samples prepared by TIPP precursor generally exhibited a broken 

network. 
A trial of spin coating a two-layer 1 .O micron periodicity sample with TIPP resulted 

in a good structure. The spin coating process was performed in a dry argon glove box with a 

spinning speed of 2000 rpm and a spinning time of one minute. The sample was left in the 
glove box for a day and then was exposed to air to allow TIPP to gel. The resulting structure 
after heat treatment is shown in Figure 4.2 1. Also, the sagging phenomenon was not as 
evident in the 1 .O micron sample. (Figure 4.22) This result may imply that the sagging will 

not be an issue for even smaller dimension of molds. 

Figure 4.21 - Two-layer TIPP infiltrated titania structure. The structure has a periodicity of 

1.0 pm. 
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Figure 4.22 - The sagging phenomenon was not obvious in the sample with a periodicity of 

1.0 micron, The image was taken at a tilted angle of -80". 

A four-layer 1 .O micron sample was also fabricated with similar exceptional results. 
It was made with the same procedure as the two-layer sample above, except for a different 

spin rate of 1000 rpm. The structure Is shown in figure 4.23. 

_. 

Figure 4.23 - A four-layer 1.0 .micron sample infiltrated with a sol-gel process 
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The slurry and sol-gel infiltrated titania samples are a direct result of the quality of 
the original epoxy moId used in their fabrication. Usually, the higher quality epoxy molds 
were used for infiltration purposes, which is a main reason for the success of the titania 

structures. 

Other Analysis Methods 

The PBG structure integrity was also tested with equipment built by Chan-Hwan Kim 
from the Iowa State physics department, The reflected diffraction pattern from the mold was 

captured by a CCD camera to be analyzed. The reflected pattern from a 2.5 micron sample is 

shown in figure 4.24. The sample is a two-layer structure, and one can see that the first layer 

is good but the second layer is bad. This is evident because the diffraction spots are clear and 
distinct in the direction perpendicular to the first layer (horizontally, and there are hazy lines 

in between the vertical diffraction spots that correspond to the second layer. This is because 
the defects cause several difflaction conditions to be satisfied, creating various intensities of 

the Iight along a line. 
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Figure 4.24 - The reflected diffraction pattern from a 2.5 micron epoxy bar sample 

illuminated with a 457 nm laser 
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Conclusions 

The main conclusion drawn from this research is that there is no ideal process that 

can be used consistently to make good epoxy layered structures with the current procedure. 

To be able to develop an optimal procedure, an entirely mechanized process would be 

necessary in a controlled environment. With such a system, a design of experiments could be 
performed to optimize all of the variables involved. 

Without a mechanized procedure, it is necessary to discuss the effect of each variable, 

which has been summarized previously in table 4.1. The parameter that has the most effect 
on the final epoxy structure and is also one of the easier variables to control and quantify is 

the number of times the epoxy is swept back and forth across the mold. The phrase "Swept 

back and forth" signifies that the epoxy was moved from one end of the pattern in a side-to- 

side motion and back. It was found, depending on several other variables, that the optimal 
number of sweeps was in the range of 9-20 sweeps for the 2.5 micron samples and in the 

range of 7-14 sweeps for the 1.0 micron samples. The best observed values for the other 
variables are summarized in table 4.7. 

Table 4.7 - Optimal ranges for the variables in the infiltration process 
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Viscosity 

E P W  
d 

Observations were also made concerning the dependence of various aspects of the 

infiltration process. Figures 4.25 through 4.27 show schematic drawings of the dependence 

of temperature on the viscosity of the epoxy, the curing time of the epoxy, and the expansion 
of the epoxy respectively. Figure 428 is a schematic drawing of dependence of curing on the 

volume of the epoxy. 
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Figure 4.26 - Schematic sketch of the dependence of epoxy cure time on temperature 
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Figure 4.27 - Schematic sketch of thermal expansion characteristic of uncured epoxy 
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These rough graphs are used to explain why the infiltration process is difficult. The 

infiltration must take place in a hot environment, but the sample must be cooled so that the 

viscosity of the epoxy is high enough that it remains in the grooves. The epoxy appears to 

expand at this point, causing the mold to be overfilled. As the epoxy cures, it contracts, 

using the overfilled reserves then leaving defects if the volume of epoxy present is not 

adequate. Therefore, it is common for molds to be either overfilled or entirely filled with 

defects by the time they are needed for a subsequent layer application. 
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It was also concluded that the alignment step of the process needs to be drastically 

improved before samples exhibit excellent third-layer alignment across their entire surface 

area. No available alignment system is capable of placing the third layer correctly, which is 
limited by the flexibility of the PDMS mold. The 2.5 micron samples were the only samples 

that could be used in the laser alignment fabricated for this research. A shorter wavelength 

laser would be necessary to make the system functional for the 1 .O micron samples. 
A final conclusion drawn from the research is that the infiltration process generally 

became more simple and consistent as sample dimensions were reduced. This was not the 
case for the 0.4 micron samples, but these problems can be attributed to master mold defects. 
This trend is expected to continue for smaller and smaller mold dimensions until a critical 

groove size is reached. Titania samples fabricated from the sh-ry infiltration method will 

reach this critical dimension much earlier because of the large particle size of the slurry 

compared to the groove width. 
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CHAPTER 5: FUTURE W O W  

Micro-Transfer Molding 

The original objective of this research was to develop a photonic band structure and 

analyze that structure with laser dye emission spectrum techniques. This was not achieved 

with the current procedure in this time frame, and there are several accomplishments that 

need to be realized before this objective is possible with the pTM technique: 

I ,  A master mold with a periodicity around 300 nm 

2. A procedure to infiltrate channels of that size 

3, A method that can be used to precisely align up to at least four layers 

4. An infiltration process that works for that size. 

The master mold problem cannot be solved with the semiconductor processing 

technology available at Iowa State University. It could be solved by ordering a silicon mold 

from a company with the necessary processing techniques. Wai Leung is currently working 
on this problem. 

The ability to consistently infiltrate a smaller sample with the current epoxy 
infiltration process used should be easier because of the lessened necessary volume of epoxy 

necessary to fill the pattern and the increased capillary action of the narrower grooves. This 

was the trend in moving from the 2.5 micron sample to the 1 .O micron sample, but this trend 

was disrupted by the attempt at fabricating a 0.4 micron sample. The causes of the problems 

with this sample were most likely defects and imperfections in the silicon master mold. Even 

the one-drop 1'' layer method of infiltrating the 0.4 micron pattern, which had always been 

successful for other molds, produced extremely poor results. This suggests that the grooves 

in the PDMS were not continuous or even existent at certain places on the pattern. Whether 

or not this was a problem caused by the silicon pattern or the PDMS layer needs to be 

examined further. More in depth analysis could also be performed on the surface effects and 

capillary action forces that affect the ability to apply epoxy to the smaller grooves. It was 
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also suggested that the mixing of the epoxy might not have been complete to the dimensions 
of the 0.4 micron molds. More investigation is necessary to determine if this is a factor in the 

infiltration process. Another suggestion made to improve infiltration is the use of a UV 
curable epoxy, which would eliminate all of the problems associated with the heating and 

cooling of the samples. 
Alignment is a big concern as the bar periodicity is reduced to below 0.4 microns. 

One problem with the smaller patterns is that a diffiaction pattern can no longer be used to 
align the samples since the condition for diffraction is no longer satisfied for wavelengths 
greater than the bar spacing. Proposed solutions to this problem include utilizing a W 
radiation and detection system or including an alignment region outside of the smaller 

patterned area. The latter of these solutions would be more feasible. It would require that 

the alignment region be implemented into the silicon master design for the pattern. Wider 

spaced bars that correlated to the periodicity of the smaller region would be used to be able to 

align the 1'' and 2"d layers easily. The alignment of the third layer becomes much more 

difficult. The previously mentioned error because of the flexibility of the PDMS molds 

makes this a very difficult step to accomplish. Without even addressing the PDMS problem, 
the laser alignment system currently used is not capable of third layer alignment. A more 

complicated design needs to be developed that will allow extremely close movement of the 
two layers without contact. If this is possible, lasers could be utilized to perform third and 

forth layer alignments. Experimentation with the optical alignment method could also result 

in success for the smaller periodicity samples. 
Lastly, the titania infiltration process will need to be perfected for the smaller 

samples. Similarly to the epoxy infiltration, it is thought that the results will be much better 

for smaller and smaller bar sizes. The results from the 1 .O micron samples in this case were 

amazingly better than the previous results from the 2.5 micron samples. This trend is hoped 

to continue for the smaller sampIes. The problem still exists that the thickness of the sol-gel 
samples is minimal, and also the four layer samples underwent severe cracking because of 

the shrinkage during the firing process. These problems could be solved by a slurry and sol- 

gel concurrent infiltration. The slurry would provide a greater amount of material that would 
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undergo less shrinkage during firing, and the sol-gel would infiltrate into the small 

dimensions not reached by the larger titania slurry particles. 

Laser Dye Analysis 

Laser dye luminescence was the original method for this research intended to analyze 

the PBG structures. There are several possible laser dyes that could be used to infiltrate the 
PBG samples in an attempt to discover low threshold, high intensity lasing properties. The 

future work intended, however, to fabricate an LED out of the final PBG structure, utilizing 
the polymer laser dye PPV. The PPV was to be used because of its property of 

electroluminescence. The proposed construction of the LED is shown in figure 5. I. The 
glass substrate is originally coated with an indium-tin oxide (ITO) electrode and a small 

portion is etched from one side. The 3-D PBG structure is built on top of the IT0 and then 

the PPV polymer is spin coated on through the structure. After the PPV laser dye polymer is 
set, an aluminum electrode can then be applied to the top as shown in the figure, ensuring 

that the two electrodes do not form an electrical contact. Using this device, the PBG 
structure can be evaluated by its effect on the spectral intensities of the PPV. The normal 

luminescence spectrum for electrically pumped PPV ranges from around 500 nm to around 
700 nm with a luminescence peak at around 550 nm. The PBG structures inset into the LED 
devices constructed will cause a dip in that spectrum along with a photonic band edge lasing 

phenomenon. The spectrum is expected to display a high intensity, small linewidth peak at 

the photonic band edge because ofthe reflective effects occurring within the structure. A 
normal luminescence spectrum is expected to be emitted through the bottom of the LED 
structure, which also can be measured, A diagram showing the expected luminescence plots 

for each case is shown in figure 5.2. 
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Spin Coated PFV 

Power Source 

Figure 5.1 - LED Device construction 

With PEG Structure No PB G Structure 

Figure 5.2 - The expected luminescence spectrum for emission through the PBG structure 

with a band gap around 550 nm and a common PPV spectrum of luminescence emission. 



80 

Summary of Future Work 

Below is a list summarizing the points made in the Future Work section of this paper. 

Order a new master silicon mold at a periodicity range less than 0.3 microns 

Develop a procedure that can be used to infiltrate the smaller grooves, which may 

involve researching surface energy effects and finding new materials 

Investigate the extent of the mixing of the epoxy 

Look into ultra-violet curing epoxies 

Design an alignment method capable of aligning the first and third layers - could 

optimize optical alignment procedure or design new laser alignment equipment 

Investigate the alignment problem caused by the PDMS mismatch 

Develop a procedure to infiltrate the smaller epoxy molds with sol-gel 

Design and use an electrically pumped LED to characterize the final structure 

e 

e 

e 

0 
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