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ABSTRACT 

Dielectric and magnetic structures which inhibit the propagation of light for a 

given frequency range at any angle of incidence are said to have a photonic band gap 

(PBG). By placing defects inside of these PEG structures, useful devices can be 

constructed including micro-cavity lasers and nanometer scale waveguides. This thesis 

is concerned with the evaluation of these PBGs in order to obtain an understanding of 

how they work, as well as developing new methods to evaluate them. The photonic 

band gap configurations are modeled with the Finite Difference Time Domain (FDTD) 

method in one and two dimensions. By modeling these structures in the time domain, 

the finite amount of time that it takes to establish the photonic band gaps may be 

observed. Also, methods using the Fast Fourier Transform in combination with the 

FDTD algorithm are capable of determining the frequency spectrum of a structure with 

little computation time. 
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CHAPTER 1 

Introduction 

Ever since the dawn of the computer age, the scientific world has been racing to 

build electrical components that are smaller in size and that can transfer more 

information with more speed. In order to do this, higher frequencies must be used, 

which means abandoning traditional electronic circuits. We are just starting to realize 

the immense capabilities that can be harnessed with these higher frequencies, 

specifically in the optical range. Optical fibers have been around for some time, but the 

optical computer is not even close to being developed. Optical fibers are not capable of 

guiding light around small radius turns, which strongly limits their capabilities in some 

areas. In order to make the advancements that are necessary in this field, an 

understanding of how one would control and manipulate these optical frequencies must 

be sought. 

Building strucmres that can control the propagation of electromagnetic waves, 

such as the reflection and transmission of such waves or even the guidance of them, is 

the purpose of this thesis. The focus is the study of photonic band gaps, which block 

electromagnetic waves of a given frequency. Although the transmission and reflection 

properties of these structures have previously been studied, most of these studies have 

been performed in the frequency domain. This thesis concerns itself with Finite 

Difference Time Domain (FDTD) modeling of these structures, which makes it possible 
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to see the photonic band gaps being created. Of great importance is the finite amount of 

time that it takes to establish these gaps. For instance, a short pulse may be able to 

penetrate a given structure almost completely, where its steady state counterpart would 

be totally reflected. The study of these band gaps have potential use in the construction 

of microcavity lasers, in the inhibition of spontaneous emission, and in the construction 

of nanometer scale waveguides that are capable of guiding light at 90° angles. 

In the second chapter of this thesis, the one and two dimensional FDTD 

algorithms are discussed in detail. Also, a review of photonic band gaps (PBGs) and 

examples of the structures to be studied are given. In the third chapter, one dimensional 

structures will be analyzed and the FDTD results will be compared with those provided 

by an analytical code. Simple structures, as well as those with defects, and lossy and 

magnetic materials will be discussed in chapters three and four. The magnetic materials 

will be shown to be very useful in constructing small structures with very high 

reflectivity and in the constmction of optical switches. In the fourth chapter, sources 

will be put inside defects that are purposely introduced in the one dimensional PBGs. 

The resulting structure can be made resonant with the proper design. These resonant 

'cavities' may be used as micro-cavity lasers. Also, these cavities have the capability of 

producing Rabi oscillations when a two level atom model is placed inside the defect and 

excited with random noise. 

Two dimensional structures will be introduced in chapter five. In that chapter, 

the two dimensional cases are compared to their one dimensional counterparts. In 
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addition to these structures, other PBG designs will be analyzed which provide a band 

gap for light propagation in any direction. Also, a method using the Fast Fourier 

Transform will be developed and used to quickly find the frequency domain response of 

a structure with the FDTD method. Chapter six will study the two dimensional 

structures that were introduced in chapter five, but with the sources placed inside 

defects within the structure. Also, Rabi oscillations will be observed in a two 

dimensional structure. Finally, other applications will be introduced, such as 

waveguides. The seventh and final chapter will give an overview of the results, and 

discuss the work that needs to be done in the future. 
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CHAPTER 2 

Review of Finite Difference Methods and Photonic Band Gaps 

This chapter will give a brief overview and derivation of the finite difference 

time domain method, as well as a brief discussion on photonic band gaps. 

2.1 Finite Difference Time Domain Method 

Throughout this thesis, the Finite Difference Time Domain (FDTD) method is 

used to compute the electromagnetic fields that interact with the structures of interest. 

The FDTD method is a technique that is used to solve Maxwell's equations in the time 

domain. Because this method solves problems as a fiinction of time as opposed to 

frequency, it is possible to visualize how electromagnetic waves interact with matter 

before they reach a steady-state condition. The basis of this technique is the 

approximation of Maxwell's equations in differential form by second order accurate 

centered differences; i.e., by applying 

(2.1) 

where a function of space(x,y,z) and time(t) is denoted by 

/(/Ar,jAy,kAz,nAt) = ,  (2.2) 
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to Maxwell's equations: 

7xE = -^-a„H 
d t  

VxH = - |y-cr^£ 

V D  =  p  

(2.3) 

(2.4) 

(2.5) 

V-B = 0  .  (2 .6)  

For a one-dimensional problem, where it is assumed that the fields in the x and y 

directions are uniform idx = dy = 0), the three dimensional curl equations reduce to 

two equations: 

d E  2L i 
d t  dz 

+ CeE^ 

d H  

d t  

y  _  

(2.7) 

(2.8) 

In order to obtain more accuracy using the same number of points, the electric and 

magnetic fields are offset in space and time. The electric fields are calculated at time n = 

0,1... while the magnetic fields are calculated at time n = 1/2, 3/2, ... as seen in figure 

2 .1. 
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Hy E, 

• 0 

Hv E, Hy 

S -time 

n= 1/2 
k = l / 2  

n =  I  

lc= I 

n = 1 1/2 n = 2 
k = l l / 2  k  =  2  

n = 2 1/2 
k = 2 1/2 

Figure 2.1; One dimensional grid for the FDTD with the electric and 
magnetic Helds offset In space and time. 

Discretizing equations (2.7) and (2.8) using equation (2.1) yields: 

Br{k ) - E ; { k )  1  

At  £ Az 

Er\ k ) + E ; { k )  

2 

(2.9) 

and 

At 

a 

E;{k+\)-E;{k) 

Az 

f j  + H "~K M y 

(2.10) 

In order to ensure that there are no reflections from the edges of the grid, an 

absorbing boundary condition (ABC) must be derived. This is done by decomposing 

the one-dimensional wave equation in the time domain. 

£ , -44^.  =0,  
d z  2 -f v '  d t  

(2. II) 

into a left and right propagating wave. 

' j -E+-YE 
^dz Vdt .  

1 d  

J z ^  v d t ^ .  
= 0,  (2.12) 
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and setting the appropriate function to zero. For instance, on the right boundary the 

ABC is formed by setting the left propagating wave. 

< d z  v d t  J  

to zero, and discretizing it by center differences. This turns out to be 

(t™.)=£" -1)+4®' (*-) - - 0] • 

where 

(2.13) 

(2.14) 

A= 1- vAt 

Az.  
1 + 

vA t  

A z ,  
(2.15) 

and ^Tmax labels the right boundary point. In one dimension, this ABC is exact and no 

numerical reflections are generated. 

In two dimensions, a grid must be set up, the most basic being a rectangular one 

as shown in figure 2.2. 

t  k 

^ 1 

0 H, © 

© e 

• > 

k 

(i.k) 

Figure 2.2: Two dimensional grid for FDTD Analysis. 

-*• X 
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In two dimensions, Maxwell's equations decouple into: 

dH^ dE^ dE, 
u  u  —— = —^ —<T H 

d t  dx  dz  
(2.16) 

dE, dH^ 
e  e  —-  = —c E 
'  "  d t  dz  '  

(2.17) 

and 

BE, 3H, 
e £ —- = —-—<j E 
'  "  d t  d x  '  '  

(2.18) 

Using equation (2.1) and the grid as a guide, equations (2.16),(2.17) and (2.18) are 

transformed into: 

= 
r  

_1_ 

. 1 , 1 ]  
i + — , i t + —  X  
. 2 2j 

2AT 

2//,+cT„AT/r7„y 

2AirJ 

X 

(2.19) 

\ L x -

and 

= E, /4--.A:JX 

2AT 

2e,-c, i l„Ar 

2£r+a,T]„Ar_ 

Az(2e,+C7,77„AT) 

H"*y2 f,-+1, yt + - V 
2  2 )  '  

. 1 / r 

V 2 2j  

(2.20) 
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and 

n+l I 

a4)=£."(a4jx  

2At 

'2e,-<T,77„AT' 

^2e,  +(J,r],AT^ 

Ajc(2e,+cT,77,Ar) 

'  1, 2  2)  ^ L 2 2)  

(2.21) 

where 

AT =  cAr= .  (2.22)  

and 

The preceding equations were taken from [1]. 

In order to create an ABC for two dimensions, a Perfecdy Matched Layer 

(PML) [2] is used. This method creates a lossy material around the edges of the grid 

that provides very little reflection for any incident angle of the electromagnetic wave. 

The magnitude of the conductivity of the layer is gradually increased from zero at the 

inside layer to a maximum value at the outside layer. This is done to minimize the 

numerical reflections that would occur due to the wave hitting a boundary with a high 

difference in conductivity. The optimization of the PML is discussed in [3]. 
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2.2 Photonic Band Gaps 

A photonic band gap (PBG) is a frequency band in which electromagnetic waves 

may not propagate in a dielectric structure. A complete PBG would restrict waves in 

every direction; however, it is also very useful to examine cases in only one and two 

dimensions. The terai 'band gap' is analogous to a semiconductor band gap ( between 

the valence and conduction bands), in which electrons of certain energies may not 

propagate in any direction. Two of the most prominent applications of the photonic 

band gap are the localization of light at defects, and the inhibition of radiation. 

Yablonovitch [4] describes how the photonic band gap can control spontaneous 

emission by examining Fermi's golden rule. The density of the final sates in 

spontaneous emission is the density of modes available to the photon emitted. If the 

photonic band gap does not provide a mode to the photon, there will be no spontaneous 

emission [4] . Other applications of photonic band gaps include the construction of 

perfect dielectric mirrors, resonant cavities (lasers), and waveguides that are capable of 

guiding light through very sharp turns [5]. 

The theoretical PBG is infinite in length, rendering it useless to practical 

applications. However, it turns out that finite structures may exhibit the PBG properties 

with relatively small length. Therefore, this thesis will be concerned with modeling 

truncated PBG structures which only approach having a complete gap. However, it will 
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be shown that it sometimes takes only a few layers to achieve almost total reflection of 

the frequencies within the gap. 

The most cormnon as well as simple PBG strucmre, which is presented in 

chapter three, is one which is made of quarter-wavelength slabs of periodically 

alternating permittivities or permeabilities. The layers are chosen to be 7JA so that a 

wave that travels through a layer and is reflected at the surface of the next layer, hits the 

original surface with the proper phase change. This reflected wave interferes with the 

incoming wave in such a way that it decreases the transmission through the structure. 

With proper material choices, these sttucmres may be used as dielectric mirrors which 

provide extremely high reflectivity for normally incident electromagnetic waves. 

A modification to the periodic slab is presented in chapter four, where a defect is 

introduced into the structure. A defect is created when one of the layers is made to be a 

different material or length than the other slabs. If the defect is chosen to be a particular 

length, a resonant cavity may be formed inside the PBG. 

Chapter five and six present two dimensional structures which are quite different 

from the periodic slab. These structures include square and triangular lattices of 

dielectric cylindrical rods. These structures are capable of confining and guiding 

electromagnetic waves very well at any angle of incidence. 
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CHAPTERS 

Reflection and Transmission Through a One Dimensional PBG 

A first step in the analysis of photonic band gap structures is to examine them in 

a simple one dimensional situation. The most common one dimensional structure is the 

familiar quarter-wavelength periodic array of dielectric slabs. The analysis tool that was 

used to analyze this structure was a one dimensional FDTD code. However, before 

measurements were made, confidence in the program had to be established. A simple 

FORTRAN program designed to calculate the reflection and transmission coefficients 

of periodic structures in dielectrics, which was written as my Senior Design Project and 

was based on the reflection and transmission matrix approach in [6], was modified and 

used to verify the results of the one-dimensional FDTD code. The results were also 

checked using known equations for the simple cases. 

3.1 Single Interface 

The first situation to be investigated was a single interface between free space 

and a dielectric. The incident, reflected and transmitted fields are shown in figure 3.1. 
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z=0 

Figure 3.1: One interface structure. 

In this case, the following parameters were used; 

Eri = 1 and |iri = 4. 

The equations for the reflection and transmission coefficients are given by: 

R = Ih~Jh = 2^IIzII^ = 0224 , (3.1) 
+no 753.3 + 376.6 

and 

T- ^^1 = 2(7533) ^1234 . (3.2) 
77,+r7o 376.6 + 7533 

The analytic program computes the same results, as well as the FDTD program, as seen 

in figure 3.2. Note that the source in the FDTD generates a wave that only propagates to 

the right so that the field to the left of the source is simply the scattered, or reflected 

field. The source that is used is a planar source, or an induced sinusoidal electric and 

magnetic field at a specified set of points. 
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Transmitted 
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Figure 3.2 - A snapshot in time of the electric field of a plane wave incident 
upon the one interface structure. 

3.2 Two Interfaces 

The next structure to be evaluated is the two interface problem, or simply a 

dielectric slab in free space, as shown in figure 3.3. 
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z = 0 

Figure 3.3 - Two interface structure. 

The following parameters were used for the simulations: 

eri = 2 , ^ri= 1. 

£ r 2 = 4  ,  Hr2= 1 ,  

T = 3.3333333E-13 (Period), 

J ^ A ^ Q.i = —— ^ and U2 — 
4-n, 4-n, 

The reflection and transmission coefficients are given by 

\ 

R = ^1 ^0 

yrii+rioj 
l_g-y2M, 

) J 

(3.3) 

= -0.334+j4.18E-4 = 0.334Z 179.9= 
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and 

T= 4T1o11I (3.4) 

=0.845-j0.419=0.943Z26.37°. 

As seen in figure 3.4, the peak amplitudes of reflection and transmission, being 0.333 

and 0.943 respectively, match the magnitudes of the reflection and transmission 

coefficients that were calculated. 

Magnitude of 1.0 t —;;—-— 
Electric Field 

Reflected Wave 
Peak Value = 0.333' 

Transnnitted 
Peak Value; 

I 

JL Transmitted Wave 
Peak Value = 0.943 

Distance 
-1.5 

Figure 3.4: A snapshot of the electric field of a plane wave 
incident upon the two interface structure. 

3.3 -12 Layer Structure 

A more complicated arrangement that was verified was a periodic arrangement 

of quarter-wavelength dielectric slabs. The structure was 12 layers thick, as shown in 

figure 3.5. 
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Figure 3 J: 12 layer periodic structure. 

The parameters used for this case were identical to those in the previous case. The 

results of the analytic program and the FDTD code were simply compared in this case, 

in order to verify the consistency of results with multiple layers of dielectrics. The 

analytic program produced reflection and transmission coefficients of 0.969Z-.83° and 

0.245Z-68° respectively, while the FDTD code produced results of 0.967 and 0.248 as 

shown in figure 3.6. These measurements are quite accurate in that they have a 

variation of only 0.003 from each other. 

Reflection 
Peak Value = 0.967 

Magnitude of 1 • -
Electric Field q g.. 

0.6-

0.4-

Transmission 
Peak Value = 0.248 

0.2 -

0-

-0.2-

-0.4-

-0.6-

-0 .8  ••  

Figure 3.6: A snapshot of the electric field of a plane wave incident upon the 
12 layer structure. 
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3.4 - Frequency Variation 

Next, it was decided to verify a case that was not simply a quarter-wavelength structure. 

Therefore, the program was verified over a range of frequencies for a periodic dielectric 

slab. The results from the analytic code are plotted in figure 3.7. This graph clearly 

shows a range of frequencies for which there is a high level of reflection and a low level 

of transmission. If this structure had been infinitely long, there would have been no 

transmission at all in this frequency range. This range of fi-equencies is referred to as 

the photonic band gap (PBG). The center of the PBG corresponds to the center 

frequency, fo, which makes the layers a quarter-wavelength thick. The FDTD code was 

used to verify a point in the frequency spectrum that was on the edge of the PBG. 

The parameters used for the FDTD comparison were: 

Eri = 2 , er2 = 4 , flrl = ^r2 = 1 

To = 3.333333E-13, f = 0.8fo (f is the operating frequency) 

J ^0 J J ^0 d, = —2- , and da = —2-. 
4 • n ,  A-n^ 

The results are shown to be unacceptable in figure 3.7 and figure 3.8 (This will be 

explained in the next paragraph). At 0.8 times the center frequency, the analytic 

program, which calculates the frequency response of the structure, produced results of 

0.576 and 0.817 for the reflection and transmission as compared to 0.541 and 0.842 for 

the FDTD program. 
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Transmission 
and Refleaion 
Coefficients 

0.667 

Transmission at 0.8fo=0.817 

Reflection at O.Sfo = 0.576 
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Frequency (Hz) 
normalized to 3E12 

.311 

Figure 3.7: Reflection and transmission coefficients in the 11 layer structure produced 
by the analytic code. 
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Reflection 
Peak Value = 0.541 

-0.2--
0.4-

0 . 6 -

-0.8 • • 
Transmission 
Peak Value = 0.842 

Distance 

Figure 3.8: A snapshot of the electric field of a plane wave incident 
upon the 11 layer structure using a frequency of 0.85). 

The disagreement between the results appeared because of approximations in the 

FDTD code. Because of the distinct widths that are possible for the dielectric layers 

with a specified discretization value, the FDTD code did not produce perfect quarter-

wavelength layers. In order to correct this, the permittivity values were adjusted. The 

same case was run, using Eri= 2.04082. The analytic code then yielded reflection and 



33 

transmission coefficients of 0.5654Z168° and 0.8247^20.8° respectively, while the 

FDTD program yielded coefficients of 0.561 and 0.828 as seen in figure 3.9. These 

results are much more accurate, and provides an acceptable level of tolerance. 

Magnitude of 2.0 

3.5 - Defect Structures 

In addition to the previous structures, more interesting configurations such as a 

periodic arrangement of slabs with a defect present, may be analyzed. A defect may be 

a layer of a different material (such as air) in the middle of the periodic arrangement, or 

simply one of the layers which has been made a different length. 

The first defect structure that was examined is one with a free space defect. A 

23 layer structure with a free-space layer in the center as seen in figure 3.10 and with the 

Electric Field Transmission 
Peak Value = 0.828 

Reflection 
Peak Value = 0.561 

Distance 

Figure 3.9: A snapshot of the electric field in the II layer structure using the adjusted 
values of the permittivities to make perfect quarter-wavelength layers. 
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following parameters was analyzed. All of the dielectric slabs, with the exception of the 

defect layer, are a quarter-wavelength long. The parameters used were: 

Eri = 2.040816, er9 = 4.0, Url = Ur2= 1-0 , Q)=1.88496E13 and ddefen = —. 
2 

£o 

^defect 

£o ^1 I El P« KPi £o 

Figure 3.10: A 23 layer periodic structure with defect layer. 

The analytic program produced values of 0.0852Z84.5° and 0.996Z-58.5° 

for the reflection and transmission coefficients, respectively, while the FDTD code 

produced values of 0.0076 and 1.000. The discrepancy between the two results for the 

reflection coefficient is thought to be due to the extremely narrow range of ddefect that 

corresponds to the extremely small reflection coefficient value seen in figure 3.11, in 

which the transmission and reflection coefficients determined by the analytic code are 

plotted versus defect size. 
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For ddefect = — , the analytic code produces reflection and transmission 
4 

coefficients of 0.990Z0.66° and 0.140Z-53.7° respectively, while the FDTD program 

gives results of 0.990 and 0.141. 

Reflection and 
Transmission 
Coefficients 

0.8 ••  

0.6 -

Reflection 

Transmission 

ddefen in wavelengths 

Figure 3.11: The reflection and transmission coefficients versus ddefot 
produced by the analytical code. 

For ddefect = the results correspond with figure 3.11. The FDTD program produced 

reflection and transmission coefficients of 0.987 and 0.160 respectively, and the analytic 

program yielded coefficients of 0.987Z-5.1° and 0.161Z-29.4° . 

It is evident that the size of the defect greatly effects the transmission properties 

of the structure. When changing from a defect size of "hJA to X/2, the transmission 

coefficient is changed from being a very low value to a value that corresponds to almost 

total transmission. 
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3.6 • Discretization and Accuracy 

In order to ensure that the previous results were adequately accurate, results 

X 
using different discretizations were compared. For ddefect =—. the results were tabulated 

4 

in table 3.1 for different values of N, where 

N = 40 N = 200 N= 1000 

Reflection Coefficient 0.988 0.990 0.990 
Transmission Coefficient 0.148 0.141 0.140 

Table 3.1: The reflection and transmission coefficients obtained by the FDTD code for the 23 layer, X/4 
defect structure using varying levels of discretization. 

The same type of parameters were investigated for ddefect =— in table 3.2. 
2 

N = 200 N=1000 

Reflection Coefficient 0.0076 0.0003 
Transmission Coefficient 1.000 1.000 

Table 3.2: The reflection and transmission coefficients obtained by the FDTD code for the 23 layer, X/2 
defect structure using varying levels of discretization. 

The results show that in order to get results that are accurate to the third decimal 

place, that a discretization on the order of 200 is needed. However, the results also show 

that using a discretization of only N = 40 (N=20 is usually assumed to be sufficient for 

FDTD analysis), the results are very close approximations. Due to the length of time 

that it would take to mn two dimensional simulations at N = 200 and higher, values of 



N = 100 and less were used in the simulations throughout the other sections of this 

thesis. However, all of the calculations in this chapter were done using N = 200, unless 

otherwise noted. 

3.7 - Stability Times 

Because the FDTD code shows the progression of the waves in the time domain, 

it is possible to witness the finite amount of time that is necessary for the structure to 

reach equilibrium, and thus produce its transmission and reflection coefficient values. 

The times needed to establish the reflection and transmission values to three decimal 

places, for the quarter wavelength defect structures are shown in figure 3.12 and 

summarized in table 3.3. 

Number of Layers on Reflection CoefRcient Transmission Time to Establish R and T 
each side of defect Coefficient Coefficients 

3 layers 0.041 0.999 3.66916E-12 
5 layers 0.559 0.829 6.50450E-I2 
7 layers 0.863 0.506 1.30090E-11 
9 layers 0.962 0.272 1.75121E-11 

11 layers 0.990 0.141 3.23557E-II 
13 layers 0.997 0.072 4.5364 IE-11 
15 layers 0.999 0.037 6.5965E-11 
17 layers 1.000 0.019 9.2685E-11 
19 layers 1.000 0.010 1.2191E-10 
21 layers 1.000 0.005 1.48434E-10 
25 layers 1.000 0.001 2.3380E-10 

Table 3.3: The reflection and transmission coefficients, and the time needed to realize those values, for 
the X/4 defect structure with a varying number of layers. 
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Time-
Periods in 
free space 
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600 • • 

450 -

300 

Wavelengths (length) 

Figure 3.12: Length of the A/4 defect structure in wavelengths (Not including 
defect layer) versus the number of periods in free space to achieve equilibrium. 

Similarly, the time to achieve equilibrium in ^ structures are shown in figure 3.13 and 

table 3.4. 

Number of Layers Reflection Coefficient Transmission 
Coefficient 

Time to Establish R and 
T Coefficients 

3 layers 0.0000 1.000 4.83662E-12 
5 layers 0.0004 1.000 6.33772E-12 
7 layers 0.0014 1.000 1.33426E-1I 
9 layers 0.0036 1.000 2.56844E-11 

11 layers 0.0067 1.000 5.2703 IE-11 

Table 3.4 - The reflection and transmission coefHcients, and the time needed to realize those values, for 
the TJl defect structure with a varying number of layers. 

Time-
Periods in 
free space 200 

150 

100 

50 

0 
Q 2 4 6 Wavelengths (length) 

Figure 3.13: Length of the X/2 defect structure in wavelengths (Not including 
defect layer) versus the number of periods in free space to achieve equilibrium. 
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The time discretization used for these measurements was AT = 1.6678£ -15, 

AZ 
or -— = 200. The results were done with -100*Ar accuracy. (The data was output 

A 

every 100 time steps) 

3.8 - Tapered PBG Results 

An interesting modification of the PBG structure that may be made in order to 

change the characteristics of its frequency response is the tapering of the permittivities 

of the dielectrics as shown in figure 3.14. The parameters of this structure are: Sri = 16, 

and £,2= 4. All of the layers are a quarter-wavelength in thickness. 

co^ 1.2 

1 •• 

0.8 ~ 

0.6 

0.4 

0.2 

0 Distance 

Figure 3.14: Tapered 19 layer structure- k versus distance. 
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The results of the analytic code for the transmission coefficients are compared in figure 

3.15 for the tapered and un-tapered cases. 

Transmission 
Coefficient 

0.8 •/ 
Tapered 

Un-tapered 

li 

Ji 
i W  V. 

V 

Frequency 

0 .6^  1.4 fo 

Figure 3.15 - The transmission coefficients for the tapered and un-tapered 
19 layer structure. 

Notice that the nulls are not as deep in the tapered case. The same type of results may 

be seen when tapering the defect stractures. The following structure was simulated 

using the same parameters as the non-defect case, but it has 11 layers on either side a 

X/2 defect. 

(0̂ |m 1.2 

1 

0.8 

0.6 

0.4 

0.2 

0 
Distance 

Figure 3.16: 11-defect-l 1 structure- k versus distance. 
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The results for the defect case from the analytic code for the transmission coefficients 

are plotted in figures 3.17 and 3.18 . 

Transmission 
Coefficient ^ T/" 

0.9 n, 
0.8 j 
0.7 
0.6 f 

Tapered 

Un-tapered 

Frequency 

1.4 fo 

Figure 3.17: The transmission coefficients for the tapered and un-
tapered 11-defect-11 structure. 

Transmission 1 
Coefficient 

0.8 • 

0.6 

0.4 

0.2 

0 

Tapered Un-tapered 

0.96 fo 

Frequency 

LMfo 

Figure 3.18: Zoom in picture of the transmission coefficient for 
the 11-defect-11 layer structure. 

Notice that the tapering causes the spike in the transmission spectmm to broaden. This 

could potentially make it easier to operate this structure at the point of total 

transmission. The modifications presented in this section give insight into how these 

structures may be modified in order to obtain a desired response. 
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CELVPTER4 

Sources in One Dimensional PBG Defects 

Although it is important to study the effects of a source outside of a PBG 

structure, many applications require the source to be inside of the structure. For 

instance, a laser cavity such as those found in Vertical Cavity Surface Emitting Lasers 

(VCSELs), may be modeled as a defect in a layer of periodic slabs. Unformnately, the 

analytic program in its present state is incapable of modeling this case, so the FDTD 

program was relied upon exclusively. 

4.1 - Planar Sources 

The structure to be modeled, shown in figure 4.1, has the parameters: Eri = 

2.040816 , Efz = 4.0 and ^ri = Ur2 =1-0. The source is placed in the center of the defect 

layer and is allowed to emit waves which propagate in both directions. 

Eo 

I 
Source 

4 

lEi I e, 

Figure 4.1: Defect structure with source in the center. 
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Using ddefect = —, the reflection and transmission coefficients to the right and 
2 

X 
left of the structure were 0.266. Changing the defect length to ddefect = —. the 

4 

transmission coefficient out of the right and left sides was 0.375. However, these 

results are very sensitive to the exact placement of the source. For example, with the 

source slightly shifted to the right, but still in the defect layer, the transmission 

A 
coefficients for ddefect = — out the right and left sides were 0.257 and 0.464, 

4 

respectively. The overall power emitted by the structure is not affected by the placement 

of the source, but the balance between the sides that the power is emitted is affected. 

Using ddefect = ^4, N=ll (11 layers on either side of the defect), and AZ = 

5.0E-7m , the power out versus the distance the source is shifted is given in table 4.1. 

Current Source 
shifted nAZ to the 

right 

D
 

II O
 

s
 

II n= 10 II B
 

Pout to the left 3.73E-4 4.9E4 5.9E4 7.2E4 
Pout to the right 3.73E4 2.6E4 1.6B4 2.2E-5 

Table 4.1: The power output of the 11-defect-11 structure versus source position. 

The normalized output power versus length of this one dimensional defect structure is 

plotted in figure 4.2. 
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Figure 4.2: Normalized output power versus the length of the structure for ddrfect = ^4. 

If the length of the defect layer is changed, the characteristics of the structure are greatly 

affected. The normalized output power versus the defect length of the 11 layer structure 

is plotted in figure 4.3. 

Output 
Power -
normalized 0.7 • 

to I 0.6 • 

0.5 • 

0.4 - • 

0.3 

0.2 

0.1 

0- wavelengths (defect length) 

0.5 

Figure 4.3: Normalized output power versus d^^ in wavelengths. 

According to figure 4.3, a the Ul defect structure lets the least amount of power out of 

the structure. Nevertheless, a X/2 defect may act as a resonant cavity, thereby producing 

gain. This is accomplished by properly coupling the source to the structure as will be 

shown in section 4.4. 

The time that is needed to achieve stability in the cases where the source is 

allowed to emit in both directions is given in tables 4.2. 
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Nunter of Layers Transmission 
Coefficient to the 

Left 

Transinission 
Coefficient to the 

Right 

Time to Establish R 
and T Coefficients 

Slayers 0.729 0.729 6.33772E-12 
7 layers 0.521 0.521 1.05073E-11 
9 layers 0.372 0.372 1.36761E-11 

11 layers 0.266 0.266 1.90132E-11 

Table 4.2 - The transinission coefBdents and stability times given for the A/2 defect structure 
with a varying number of layers. 

In order to give a different view on stability times, the times are plotted in figure 4.4 as 

the number of periods in free space versus the length of the structure in wavelengths. 

Stability 
times-
periods in 
f 40 -f free space 

30 --

1 0  - -

wavelengths (length of the structure) 
2.5 3.5 4.5 5.5 

Figure 4.4: Length of the A/2 defect structure in wavelengths versus the 
number of periods in free space needed for stability. 

The previous analysis that was applied to the Ji/2 defect structure was also applied to the 

)i/4 defect structure. The transmission coefficients and stability times are given in table 

4.3 and the length of the structure versus stability time is plotted in figure 4.5. 
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Number of Layers Transmission 
CoefBcient to 

the Left 

Transmission 
CoefBcient 
to the Right 

Time to Establish R 
and T Coefficients 

5 layers 0.910 0.910 6.67128E-12 
7 layers 0.711 0.711 9.84014E-12 
9 layers 0.521 0.521 1.88464E-11 

11 layers 0.375 0.375 3.20222E-11 

Table 4.3: The transmission coefficients and stability times given for the A/4 defect structure 
with a varying number of layers. 

Stability 
times-
periods in 
free space 

100 

80 --

60 

40 -

wavelengths (length of the structure) 
2.5 3.5 4.5 5.5 

Figure 4.5: Length of the X/4 defect structure in wavelengths versus the 
number of periods in free space needed for stability. 

Another point of interest in the evaluation of these PBG arrangements is the 

amount of power that is stored in the structure. In order to calculate the poynting's flux, 

S  =  E x H  =  z  , the simulations were run, multiplying the electric field by the 

magnetic field. The results for the wave traveling in free space and through the 

structures are shown in figures 4.6, 4.7 and 4.8. Note that the negative quantities show 

power propagating toward the left. The results show that significantly less energy 

leaves the structure than was put in to it. 
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Figure 4.6: Snapshot of Ex*Hy in free space. 
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Figure 4.7: Snapshot of Ex*Hy in the d^ca = ̂  structure. 

Magnitude of 
Power (Ex*Hy) 6-OOE-04 

Peak Value = 3.73E-4 
4.00E-04 

2.00E-04 • 

O.OOE+00 

-2.00E-04 

-4.00E-04 

-6.00E-04 Distance 

Figure 4.8: A snapshot of Ex*Hy in a dietca - ̂ 4 s&ucture. 
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4.2 - Polarization Source 

The electric dipole source models the movement of an electron as it moves to 

and from a nucleus (figure 4.11), causing electromagnetic waves to propagate. This 

type of source is used in order to model the effects of feedback from the resonator 

structure back on the source, which is information that is not available with a planar 

source. The equations that describe a polarization source are analogous to those for a 

mass on a spring (figure 4.10) or an RLC circuit (figure 4.9). 

R 

Figure 4.9: An RLC Circuit 

The RLC equation is: 

(4.1) 

where 

(4.2) 

and 

LC 
(4.3) 
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The parameters F and cOo correspond to the loss coefficient and the frequency at which 

the circuit is being driven. 

[s Ml I mass 
spring < 

Figure 4.10: A mass on a spring. 

Analogously, the mass and spring equation is: 

d ^ x  ^ d x  1  
-^ + r—+ 0)o^x = F , (4.4) 
dt^ dt 

where F is the damping coefficient, and 0)o is the natural frequency of the system. 

Figure 4.11: The electric dipole model. 

The equation for the dipole or polarization model is: 

a,' P + r<9, P + (»/ P = e„X,£. (4.4) 

Using the FDTD method, and the fact that d,P^ = 7^, the equations become 

P/*'=/>/+ I and (4.5) 

j;*ŷ  = Ĵ y' + t • (4.6) 

By using duality, a magnetic dipole oscillator may readily be found. For a more in-

depth discussion of the oscillator model, see [7], pp. 27-33. 
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4.3 - Two Level Atom Source 

Using a two level atom model, with the atoms initially in the excited state, 

certain patterns will occur when a random noise is introduced. The atoms start to emit 

electromagnetic waves that start out very small, but increase in amplimde exponentially. 

This goes on until the ps level (a measure corresponding to the amount of electrons in 

the upper level) plummets from a value of +1 to -1, (+1 indicating that most of the 

atoms are in the excited state, and -1 indicating that they are in the ground state) at 

which time the output falls back down to a very small level. When this model is put 

into a cavity in which the frequency of the output is resonant, this pattern will repeat 

itself as the energy is reflected back onto the atoms and the atoms are re-excited, thereby 

producing 'Rabi Oscillations'. 

The equations that implement the two level atom with noise sources to mimic 

spontaneous emission events are: 

H'o 
(4.7) 

9,E. (4.8) 

^,P^=CO,p^ + kf^ (4.9) 

(4.10) 
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3,P,=~E.P,,  (4.11) 
Kr 

where/i and /2 are pseudo-random noise sources whicli mimic noise and d, represents 

d t '  

The two level atom was placed into a dielectric cavity in order to produce Rabi 

oscillations. It was found that in order to produce these oscillations, the walls of the 

cavity had to be extremely reflective, with a minimal amount of layers. If the 

reflectivity of the walls was not high enough, then too much energy would be able to 

escape the sides, so that the p3 level would not be able to rise back up to +1. Also, if the 

structure takes too much time (the stmcture is too long) to establish the photonic band 

gap, i.e. become highly reflective, then again, too much energy will have escaped the 

structure. As an example a A/2 defect strucmre, with 11 layers on either side and values 

of £r2 = 2.040816 and Eri = 4.0 was used. This strucmre did not provide a good enough 

cavity to produce Rabi oscillations. Notice in figure 4.12 that the magnitude of the 

electric field decreases over time, representing a loss in energy. Also, in figure 4.13, it 

is evident that the p3 level is not able to rise back up to the +1 level to produce the Rabi 

Oscillations. 
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Figure 4.12; The electric field versus time in the center of the "ktl defect, with 11 layers on either side 

of Eri^^.O and e,2^2.040816. 

Magntiude of 

4.2e-15 1.0e-13 2.0e-13 3.0e-13 4.0e-13 5.0e-13 6.0e-13 
Figure 4.13; The p3 level versus time in the center of the X/2 defect, with 11 layers 
on either side of e,i=4.0 and e,2=2.0408I6. 

The reflectivity of the dielectric walls was calculated using the analytic code to be R = 

0.9828+jl.849E-7 or R = 0.982Z0°. This shows that a very high level of reflectivity is 

needed in order to sustain the oscillations. 
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Changing the parameters of the structure to £,2 = 2.040816 and Eri = 100 , the 

Rabi oscillations were obtained. As seen in figure 4.14 and 4.15, the electric field is 

sustained very well, and the p3 level is able to oscillate between +1 and -1. 

Magnitude of 
electric field 

5.1 e7l 

O.OeO 

-5.1 e?"' Seconds 

1.2e-17 1.0e-13 2.0e-13 3.0e-13 4.0e-13 5.0e-13 6.0e-13 

Figure 4.14: The electric field versus time in the center of the 7J1 defect, with 11 layers on either 
side of £,1=100 and £^=2.040816. 
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Magnitude 
of p3 level 

Seconds 

2.5e-17 1.0e-13 2.0e-13 3.0e-13 4.0e-13 5.0e-13 6.0e-13 

Figure 4.15: The p3 level versus time in the center of the A/l defect, with 11 layers on 
either side of 6,1=100 and 6,2=2.040816. 

The reflection of the dielectric walls was computed to be R = -0.9958-j9.1E-2, or R = 

0.99995Z-175°, which is apparendy enough reflection to produce the Rabi oscillations. 

4.4 - Results of Planar, Polarization, and Two Level Atom Sources 

The photonic band-gap is a range of frequencies of electromagnetic waves for 

which no modes can exist in a crystal. The frequencies for which no modes exist can be 

classified as low-frequency modes (those frequencies that are less than the center 

frequency of the band gap), and high-frequency modes (the frequencies that are higher 

than the center frequency of the band gap). The low frequency modes concentrate their 

electric field in the dielectric with the larger dielectric constant, while the high 

frequency modes concentrate the electric field in the material with the low dielectric 
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constant [5]. Therefore, to properly couple a source to the structure, an electric source 

with a low-frequency mode must be placed in the material with the higher dielectric 

constant. Because the magnetic fields of the low frequency modes would be 

concentrated in the low index material, a magnetic source would have to be placed in 

the lower index to be properly coupled. 

This can be seen in the following data, which is a comparison to Bowling's [8] 

results. These results show that when a source is properly coupled as described above, 

an output power gain of more than 20 times may be achieved when the structure is 

operated at the edge of the band gap. This is due to the high concentration of modes at 

the edge of the gap. Figures 4.16 and 4.17 show the power output for a 44 layer non-

defect stmcture containing an electric oscillator source near the center of the structure. 

Normalized 
power 25 --

20 --

15 --

1 0  - -

Frequency 
(Normaiized) 

1.1 1.2 0.8 0.9 

Figure 4.16: The power output versus frequency (normalized to the band gap 
center frequency) when the electric source is placed inside a high index layer. 
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Normalized 
power 40 -r 
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20--

15 --

1 0 "  
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0 
0.8 

w. 

0.9 

Frequency 
(Normalized) 

1.1 1.2 

Figure 4.17: The power output versus frequency (normalized to the band gap 
center frequency) when the electric source is placed inside a low index layer. 

The dual cases, using a magnetic polarization source, have also been shown to produce 

the expected results. For instance, placing a magnetic source in the high dielectric layer 

would produce similar results to figure 4.17. 

Even though modes at frequencies inside the band-gap may not exist inside the 

periodic crystal, they may still be used to achieve very high gain. This is done by 

putting a half-wavelength defect inside the crystal. The defect can maintain a localized 

mode inside the band gap, and act as a resonant cavity. This defect can build up large 

amounts of energy which propagates out of the crystal. It is important to note that these 

modes will be evanescent inside of the dielectric layers surrounding the defect layer, and 

therefore decay exponentially in those areas. However, even with this large decay, 

power output can be amplified hundreds of times. The following graph (figure 4.18) is 

the normalized power output versus frequency for a 22 layer (11 layer -defect- 11 layer 
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), half-wavelength defect structure with En = 4.0, and Ea = 2.0408, using an electric 

polarization source. The last layer on both ends of the structure as well as on both sides 

of the defect layer was Eri. 

Magnitude of 120 T 
normalized T 

As expected from duality, using a magnetic oscillator with ^ri = 4.0 and |ir2 = 2.0408, 

the results are almost identical. 

Recall from the discussion of high and low frequency modes, that the source 

must be properly coupled to the structure. However, the center frequency is neither high 

nor low, so a question arises as to which way the source should be set up when 

operating it at the center frequency. It turns out that an electric source couples better to 

the previous structure, whereas a magnetic source would be needed if Eri and Zti were 

reversed. The plot of the electric field when using an electric polarization source and 

the dielectric structure are shown in figures 4.19 and 4.20. The same source is used in 

the structures in figures 4.19 and 4.20, but it is evident that the electric source is coupled 

better in figure 4.19. 

output power 

80 

60 

40 • 

20 Normalized 
frequency 0 > • • • r* I m • • f 

0.8 0.9 1 1.1 1.2 

Figure 4.18: The normalized power output versus normalized frequency for 
the 11-defect-11 layer structure using an electric polarization source. 
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Figure 4.19: The electric field versus sqrt(ji'''e) with the electric source in 
middle of the A/2 defect The parameters are e,i= 4.0 and £,2 = 2.0408. 

Magnitude of the 
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sqrt(n*e) n n n n 

•d-

D {stance 

Figure 4.20: The electric field versus sqrt(n*e) with the electric source in 
middle of the A./2 defect. The parameters are eri= 2.0408 and = 4.0. 

It is important to stress that the source used in this simulation was a dipole 

oscillator, or polarization source. If a planar source is used, the power gain will only be 

approximately 11 as compared to 115. This is due to the feedback nature of the 

oscillator source, in that the reflected waves interact with it. 

As expected, there is a trade off between the height of the peak of the output 

power and the width of it, as shown in figure 4.21. This can be seen in the following 
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data, where the structure is identical to the previous one, except the number of layers 

has been reduced from 22 to 6 (3 dielectric layers on either side of the defect). 

Normalized 
power output 

Normalized frequency 

Figure 4.21: The normalized output power versus normalized frequency for 
the 3-defect-3 layer structure with eri=4.0 and = 2.0408. 

The 6 layer structure also achieves equilibrium much faster than the 22 layer, as 

expected. 

Next, an atomic model was used as a source in the 22 layer structure. (Eri = 4.0, 

Eti = 2.0408, half-wavelength defect layer). The following graphs (figures 4.22 and 

4..23) show the power output versus time for when the source is in free space and inside 

the structure. 
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Magnitude 
of power 

3.00E+05 -

2.50E+05 • 

2.00E+05 • 
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1.00E+05 • 
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Figure 4.22: The power output of atomic model in free space. 

Magnitude 
of power 3.00E+04t 
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Hgure 4.23: The power output versus time for atomic model in 22 layer structure. 

The same results were computed for the situation when the Eri and Za were reversed. 

These results are shown in figure 4.24. 

Magnitude of 
output power 

1.40E+05T 

1.20E+05 • 

1.00E+05 • 
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O.OOE+00 
7.00E-13 
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Figure 4.24: The power output versus time for the atomic model in 
the 22 layer structure with e,! = 2.0408 and En = 4.0. 
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This arrangement supplies more power than the previous, but it is still not up to the free 

space power. Using the atomic model, this structure does not achieve gain, because of 

the fact that the atoms only have a linfiited amount of energy which is lost as time 

progresses. Therefore, the energy does not have a chance to build up inside the 

structure. 

If the defect layer is taken out , and the same simulation run, then the peak 

power output versus frequency are as follows (figures 4.25 and 4.26). 

Normalized peak q g 
output power 

Normalized 
frequency 

Rgure 4.25: The output power of the atomic source when it is 
placed inside the high index layer. 

Normalized 
output power 1.2T 

Normalized 
frequency 

Figure 4.26: The output power of the atomic source when it is 
placed inside the low index layer. 
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4.5 • Sources in Tapered Defect Structures 

Next, a polarization source was placed in the center of the defect of a tapered 

structure, and compared to that of the non-tapered source. It is expected that the peak 

amplitude field emitted will be smaller, and that the transmission characteristic will 

broaden. The results of this simulation are shown in figure 4.27. 

No tapering Normalized 
electric field 

10 -

Largest tapering 

Normalized 
—I frequency 

1.05 0.95 1 

Figure 4.27: The Normalized Electric field versus the normalized 
frequency for different levels of tapering inside a defect structure. 

As expected, the more significant the tapering, the lower and broader the peak 

is. 
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4.6 Magnetic and Lossy Materials 

In addition to examining materials which simply have permittivities associated 

with them, the analytic and FDTD codes are capable of analyzing lossy and magnetic 

materials. The transmission and reflection results from the analytic code and the FDTD 

code are compared in table 4.4. 

Structure 
Description 

Transmission 
Coefficient 
(Analytic) 

Reflection 
Coefficient 
(Analytic) 

Transmission 
Coefficient 

(FDTD) 

Reflection 
Coefficient 

(FDTD) 
7 layers, no defect 

£rl=2.040816,£r2^4. 

0 
^rl=Hr2=1.0 

0.952Z-171° 0.306Z-.001° 0.952 0.306 7 layers, no defect 
£rl=2.040816,£r2^4. 

0 
^rl=Hr2=1.0 

7 layers, no defect 
8ri=2.040816-j0.5 

er2=4.0,|Iri=^r2=1.0 

0.183Z172° 0.401Z122° 0.183 0.401 

7 layer-defect-7 
layer 

Eri—2.040816,£r2^^. 

0 

^rl=^t2=1.0 

0.510Z172° 0.860Z4.57° 0.506 0.863 7 layer-defect-7 
layer 

Eri—2.040816,£r2^^. 

0 

^rl=^t2=1.0 

7 layer-defect-7 
layer 

eri=2.040816-j0.5 

£r2=4.0-j0.2 

^ri=1.0-j0.79212 

fir2= 1.0-j0.666905 

0.00Z128° 0.122Z-125° 0.00 0.122 

Table 4.4: The results of the transmission and reflection coefficients from the analytical and FDTD 
code, for lossy and non-lossy structures. 
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In the previous structures, the lossy materials made it more difficult to calculate 

the length of the quarter-wavelength layers. In order to accomplish this, the following 

equations were used: 

,, +(oe'(7„f 
K ~ II (4.12) 

where: 

<r^=coe" (4.13) 

and 

<T„=0}fi" (4.14) 

The size of the quarter-wavelength may then be derived by: 

v = ^  ( 4 . 1 5 )  
k 

X' = v-T ; ris the period (4.16) 

d= — = — . (4.17) 
4 4 

The next step in showing that the FDTD and analytical codes are capable of 

handling complex materials is to investigate magnetic materials. The magnetic case that 

was chosen was a simple four layer structure with |iri =2.040816, |ir2=4.0, and 

eri=er2=1.0. As shown in table 4.5, the results from the FDTD code match those from 

the analytic code. The table also shows that the structure's dual case, with 

£ri=2.040816, er2=4.0 and Hri=^r2=l-0, has the same transmission and reflection 
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coefficients, as expected. Also in table 4.5 are the results from a 4 layer structure with 

dielectric as well as magnetic properties. 

Structure Analytic Analytic FDTD FDTD 
Reflection Transmission Reflection Transmission 
Coefficient Coefficient Coefficient Coefficient 

^rl=2.040816 0.587Z0° 0.810Z-144° 0.587 0.810 

Hc2=4.0 
Erl=er2=I.O 

Eri=2.040816 0.587Z0° 0.810Z-144° 0.587 0.809 

Er2=4.0 
llrI=Ht2=1.0 

eti=2.040816 0.970Z-180° 0.241Z-144° 0.970 0.241 

^r2=4.0 

Hrl=er2=1.0 

Table 4.5: A comparison of the analytic and FDTD results for the transmission and reflection 
coefHcients for dielectric and magnetic material structures. 

As seen in the previous results, the combination of magnetic and non-magnetic 

materials provides extremely high reflections. In order to understand why this occurs. 

the equations that govern the reflections from the structure are analyzed. The equation 

for the reflection at a single interface is given in terms of the impedance of the two 

layers: 

(4.18) 

where: 
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Dividing through by J—, and denoting as we get: 

Itl.. [K 
V £2 

R = ' " (4.20) 

Now, if we consider two cases, the first using no magnetic materials, with ei and 62 and 

setting |ii = 1X2 = 1. and the second with magnetic materials, using £3 and ^4 and setting 

^3 = £4 = 1, we get the following reflection coefficients: 

. . . j f c  mi]  

and 

Ju.e^ -1 
R2 =  ,  —.  (4 .22)  

ylH.e, +1 

It can easily be noted that in order to achieve the same reflection coefficient, then 

— =  ̂ 463 .  (4 .23)  
^2 

As an example to illustrate that R2 will tend to be larger when using magnetic materials, 

let 63 = 114 = 2 and see what type of non-magnetic materials it would take to get the same 

reflection coefficient. In order for this to happen, £,/£2niust equal 4. Therefore, a 
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combination such as 8 and 2 must be used in the non-magnetic case, which has a 

significantly higher contrast between the layers. 

4.7 Magnetic Switches 

Magnetic materials provide many interesting properties that ordinary dielectrics 

do not. For instance, there are materials whose magnetic properties may be changed by 

an induced magnetic field. By turning the induced magnetic field on and off, the 

transmission and reflection coefficients of a structure that contains these magnetic 

materials would then be affected. Also, these materials would then have different 

effective lengths. 

The following strucmres utilize these features in making a switch with a source 

in the middle of a defect structure. The first structure, shown in figure 4.28, is 

composed of a varying number of X/4 layers on either side the X/4 defect, with the 

properties: Er = ^r2 = I-O, and Era = l^n = 4.0. The results for the transmission 

coefficient, corresponding to the transmission out of one side of the structure, are given 

in table 4.6, and plotted in figure 4.29. 
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Source 

Defect 
Layer 

Figure 4.28: A magnetic switch with ddeft„ =X/4, and e, = Ht2 = l-O, and 6,2 = Uti 
= 4.0. 

3 layers 5 layers 7 layers 11 layers 
Transmission 0.177 4.3E-2 l.OOE-2 l.IE-3 

Table 4.6: The transmission coefficients of the magnetic 7JA defect structure with a 
varying number of layers. 

Transimission 
Coefficient 

0.15 • -

0.05 • -
Number of layers 

0 5 10 

Figure 4.29: The transmission coefGcients versus the 
number of layers on either side of the X/4 defect. 

When the induced magnetic field is turned off, and the properties of the magnetic 

materials reduce to those of free space, as shown in figure 4.30, the structure exhibits 

very different characteristics. Not only is the defect now a different size, but the 

effective widths of the previously magnetic slabs are no longer quarter-wavelength in 

length. The transmission coefficients for the three layer structure with the induced 

magnetic field turned off was 0.396. 
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Source 

Defect 
EoMo Layer eoPo EoMo 

Co Mo 

Figure 4.30: The magnetic switch with the induced magnetic field turned off. 

Therefore, for the 3 layer structure, a switch has been created that has 0.396 

transmission when turned off, and a transmission coefficient of only 0.177 when turned 

on. 

A slight modification to the magnetic switch is now proposed to increase the 

on/off power emission ratio. For the stracture in figure 4.31, the mapetic layers and the 

defect layers are still quarter-wave length, but the width of the other layers are varied. 

Source 

Defect 
Layer 

Rgure 4.31: A 3-defect-3 layer magnetic switch with Ei = 4.0 and Ez = 4.0. 

The transmission coefficients are shown in table 4.7 and plotted in figure 4.32 versus 

the length of the non-magnetic layers in the on and off (non-magnetic) states. A 

magnetic source is used for this configuration. 
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delta_Z (25 = 
m) 

T_on T_off 

1 0.624 0.982 
8 0.305 I.O 
10 0.255 1.0 
12 0.220 0.924 
15 0.187 0.702 
20 0.166 0.472 
24 0.172 0.300 
25 0.177 0.396 

Table 4.7: The transmission coeEficients for the magnetic switch for different lengths of non
magnetic layers with the induced magnetic field on and off. A magnetic source is used. 

Transmission 
Coefficient i 

0.9 + 
T_off-T_on 

0.8 •• 

T off 
0.6 -• 

0.5 
0.4 •• 

Length of non-magnetic 
layers (A/1 GO) 

Figure 4.32; The transmission coefficients with the induced magnetic 
field on and off, versus the width of the structure. The structure is a 3-
defect-3 layer magnetic switch with a magnetic source in the defect. 

If an electric current source is used, the results differ dramatically. In this case, the 

structure becomes resonant, and an output gain of magnitude 3.28 can be achieved. 

These results are shown in table 4.8 and figure 4.33. 
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delta_Z (25 = 
X/4) 

T_on T_off 

1 0.763 1.03 
6 1.682 0.959 
7 2.372 0.944 
8 3.28 0.940 
9 2.650 0.948 
10 1.637 0.969 
12 0.799 1.08 
15 0.419 1.422 
20 0.231 1.259 
24 0.186 0.695 
25 0.179 0.622 

Table 4.8: The transmission coefficients for the magnetic switch for diffisrent lengths of non
magnetic layers with the induced magnetic Held on and off. An electric source is used. 

T_on 

Transmission 
Coefficient 

T_off 

3 •• 

2  -•  

T_off- T_on 

Length of non-magnetic 
3) layers (VIOO) 20 

-2 -

Figure 4.33; The transmission coefficients with the induced magnetic 
field on and off, versus the width of the structure. The structure is a 3-
defect-3 layer magnetic switch with an electric source in the defect. 

The large output of 3.28 in the previous structure is due to the large buildup of energy 

inside of it. This structure may be thought of as a lossy cavity. The size of the defect 

layer is such that the reflections from both sides add constructively with each other. 
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creating a buildup of energy. However, this explanation alone does not address the 

question of why there is more power output than originally supplied by the source. The 

answer to this apparent violation of the conservation of energy is that more power is 

supplied as the energy inside the cavity increases. The density of the power supplied is 

given by: 

Therefore, even though the current density is kept constant, there is more power 

supplied as the electric field that encompasses the source is amplified. The quality 

factor of this cavity was measured to be 8.76E-2. However, this low value is primarily 

due to the fact that the defect layer is so small. With the defect layer increased by 8 

wavelengths, the quality factor rose to approximately 2.7 . 

4.8 Creating Pulses with the Magnetic Switch 

Using the cavity in figure 4.34, which has a T_on of 3.28, and a T_off of 0.940, 

the following pulses were produced by turning the magnetic layers off and on. The 

pulse in figure 4.35 is 4 pico-seconds in length with a peak magnitude of 2.6 and a 

minimum magnitude of 0.5. If a larger peak magnitude is desired, then the induced 

magnetic field may be left on for a longer amount of time, thereby letting the field build 

up inside of the defect. The pulse in figure 4.36 was made by leaving the induced field 

(4.24) 
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on for 17 pico-seconds, and then turning it off for two pico seconds. This will provide a 

peak magnitude on the order of six. 

Electric Source 
1 

OVt'mo ]' 
\- 8A/100 \ 

Mo Ki\Mo 

Defect Layer 

H = 1  ^ = 4 

Figure 4.34: A 3-defect-3 layer magnetic switch. 

Magnitude of 3 
electric field 

1 1 1  

Distance 

2 • 

Figure 4.35: A snapshot of the electric field. 4-Pico second pulse. Defect = X/4 . 
This pulse has a peak magnitude of 2.6, and a minimum magnitude of 0.5. 

A larger increase in the difference of amplitudes can be achieved by slowing down the 

modulation. This may be seen in figure 4.36, where the pulse magnetic field is left on 

for 17 pico-seconds and turned off for 2. 
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Magnitude of the 6 
electric field 

4-
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Hgure 4.36: Defect layer = iX+X/A -17 pico seconds on (charge time) and 2 
pico seconds off (Pulse time). 

As can be seen, a very large difference in pulse amplitude may be 

achieved with a larger structure, however, the time for energy to build up in the structure 

becomes longer. 

The next switch to be discussed is one that by nature guarantees a T_off of I, 

and a fast switching time. The time required is only limited by the size of the structure. 

This structure consists of alternating quarter-wavelength layers of free space and 

magnetic materials. Therefore, when the structure is switched off, there is nothing but 

free space for the signal to propagate in. The T_on of the structure versus the number of 

layers on either side of the defect are listed in table 4.9. 

# of layers Transmission 
1 0.686 
3 0.353 
5 0.177 
7 0.090 

Table 4.9: The number of layers versus the transmission 
coefficient for the free space-magnetic switch. 
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The pulse created by the three layer switch is shown in figure 4.37. The very fast 

change between values of 0.35 and 1.0 is denoted by the arrow. 

Magnitude of 1-50^+00 
elecetric field 

1.00E+00 -

5.00E-01 •• 

O.OOE+00 • • 

-5.00E-01 -• 

-1.00E+00 •• 

-1.50E+00 

Very Fast 
Response 

Distance 

Figure 4.37: A snapshot of the electric field for the quarter-wave, 
magnetic and free space switch. 
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CHAPTERS 

Reflection and Transmission Through A Two Dimensional PBG 

In order to model the interaction of an electromagnetic wave with a dielectric 

that is not at normal incidence, two dimensions must be modeled. The first step in 

analyzing two dimensional objects will be to compare results produced by the one 

dimensional codes. Therefore, simple quarter-wavelength slabs with a normally 

incident plane wave will be analyzed with a two dimensional FDTD code. The results 

are expected to compare very well to the one dimensional results as long as the 

stmcture is long enough in the second dimension to approximate a one dimensional 

situation (approximating an infinitely long structure in the second dimension). 

5.1 Quarter-Wavelength Slabs with and without Defects 

The two dimensional code was used to compute the reflection and transmission 

results for the non-defect stmctures as well as the defect structures which can be 

modeled with the analytical and one dimensional codes. First, the transmission and 

reflection coefficients are measured and compared. Using a Gaussian beam aimed at 

normal incidence to the structure with a wide waist to approximate a plane wave, the 

following comparisons to the one dimensional calculations were made. For the non-

defect structures, the Gaussian beam used was accurate to within 0.01 for the 
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transmission, and 0.06 for the reflection. The structure analyzed had 3 layers of £ri = 4.0 

and er2= 2.040816. The comparison between the one dimensional analytic code and the 

two dimensional FDTD code is shown in table 5.1. These results are within the 

specified accuracy. 

Analytic Code 
Reflection 
Coefficient 

Analytic Code 
Transmission 
Coefficient 

FDTD Code 
Reflection 
Coefficient 

FDTD Code 
Transmission 
Coefficient 

0.773Z-I80° 0.663Z-117° 0.78 0.65 

Table 5.1; A comparison of the one dimensional analytic code and the two dimensional FDTD code. 

For the two dimensional case, a Gaussian beam approximated a plane wave of 

amplitude one, to within 0.01 (for the reflection and transmission), so the calculations 

were made with this accuracy for the quarter-wave length defect structure, using 

eri=2.0408l6, £r2 = 4.0, and a varying number of layers. The reflection and transmission 

coefficients were taken down the center of the structure and are tabulated in table 5.2. 

Number of Reflection Transmission Reflection Transmission 
Layers Coefficient Coefficient Coefficient Coefficient 

(1-D) (1-D) (2-D) (2-D) 
3 0.041 0.999 0.04 0.99 
5 0.559 0.829 0.57 0.82 
7 0.863 0.506 0.87 0.49 

Table 5.2: A comparison of ID and 2D results for the transmission and reflection 
coefficients of the periodic slab with a quarter-wavelength defect. 

Changing the defect length to a half-wavelength, the results were examined for the 

seven layer case, and placed into table 5.3. 
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Number of Reflection Transmission Reflection Transmission 
Layers Coefficient Coefficient Coefficient Coefficient 

(1-D) Cl-D) (2-D) (2-D) 
7 0.0014 1.000 0.03 0.99 

Table S.3- A comparison of the ID and 2D results for the transmission and reflection coefficients of 
the seven layer, half-wavelength defect case. 

The results of the 2 dimensional FDTD program show excellent agreement for the 

quarter-wave defect results, and sufficient agreement for the half-wavelength case. The 

slight disagreement in the latter arises because of the relatively sharp reflection 

characteristics, as shown in figure 5.1. 
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Figure 5.1: Transmission and reflection coefficients versus frequency for the 7J1 
defect structure. 
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5.2 Square and Triangular Lattice of Dielectric Rods 

If the techniques that have been developed throughout this thesis were only 

useful for periodic slabs, then they would not be very interesting. This section will 

investigate some innovative structures and compare the FDTD results to those reported 

in [5]. According to 'Photonic Crystals' [5], a band gap in two dimensions for TM 

modes may be constructed from a square array of cylindrical rods (figure 5.2). The 

spacing between the centers of these columns, a, and the radius of the rods, r, must be 

adjusted appropriately for this to happen. Taking some specifications of a structure that 

provides a TM band-gap from 'Photonic Crystals', and using a Gaussian beam source to 

approximate a TM plane wave, the transmission and reflection coefficients were 

examined. 

The structure had the material parameters of Ei^diciectnc columns) ~ 8.9, £r(spacc around 

columns) = 1.0 , a = 0.425*A„ r = 0.38*a, and was 13 columns in thickness. The 

transmission and reflection coefficients were 0.00 and 1.00 respectively, showing that 

the structure has a complete band gap for the TM modes (these measurements were 

obtained to 0.01 accuracy). 
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PLANE WAVE (Gaussian beam with wide waist) 
(Normal Incidence to structure) 

Hgure 5.2: A plane wave normally incident on a square array of 
dielectric rods. 

The square array of dielectric columns may also have a PBG when the cylinders 

are air and the material surrounding it has some high dielectric constant. This would 

mean that this structure could be easily manufactured by simply drilling holes into a 

substrate. 

The transmission through this structure, as with other PBG structures, varies 

with the length of the structure. This variation is shown in table 5.4. 

Number of Layers Transmission Coefficient 
1 0.66 
2 0.35 
3 0.16 
5 0.04 
7 0.02 
10 0.01 

Table 5.4 - The transmission coefficients of the square array of 
dielectric rods versus the number of layers. 

A structure that will provide a band gap for TE waves is one composed of thin 

dielectric veins as shown in figure 5.3 [5]. 
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• Veins 

Figure 5.3: Dielectric veins that provide a photonic band gap for TE waves. 

A structure that will provide a band-gap for both TM and TE modes is a 

triangular lattice of cylindrical columns, as shown in fig 5.4 [5]. 

Plane Wave 

Figure 5.4: A plane wave incident on a triangular lattice of dielectric rods. 

The same parameters as with the square lattice were used, and the results for the 

transmission coefficient versus number of layers were tabulated in table 5.5. 

Number of Layers Transmission 
Coefficient 

1 0.66 
2 0.34 
3 0.20 
5 0.10 
7 0.05 
10 0.03 

Table 5.5: The transmission coefficients versus the number of layers for the 
triangular lattice of dielectric rods. 
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The results indicate that for TM modes, the square lattice reflects more 

electromagnetic waves than the triangular lattice. The transmission coefficients versus 

number of layers of the square lattice and triangular lattice are compared in figure 5.5. 

Transmission g -j 
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Figure 5.5; Comparison of the transmission coefficients 
versus layers for the square and triangular lattices. 

5.3 Square and Triangular Lattice of Dielectric Cylinders with Defects 

This section describes the characteristics of the square and triangular lattice 

defect structures when a source is placed outside of the structure. When the defect is 

introduced into the square lattice of dielectric cylinders, the E-field inside the structure 

is localized inside of the defect as shown in figure 5.6. 

Triangular lattice 

Square lattice 

Number of layers 
10 
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Figure S.6: The electric field inside of a square lattice of 
dielectric cylinders with a defect 

A defect may be formed in the dielectric by changing the dielectric strength of 

one of the columns, or changing the diameter. In order to localize a field at the defect, a 

cavity must be formed that will be resonant to a frequency located inside the band gap. 

With the previous configuration, changing the dielectric constant of one of the cylinders 

to 1.97 will accomplish this task [5]. Using the FDTD program, this was found to occur, 

with the electric field inside the defect having a normalized amplitude of only 0.07. The 

mode pattern of the field agrees with the picture presented in [5]. 

Although there is a localization of fields inside the gap, the relative magnitude 

compared to that of the input (a source outside the structure) is quite small. The 

following graphs (figures 5.7,5.8 and 5.9) show the electric field E, and the stored 

energy, eE^, for this case. Notice that there is very little energy contained in the 

structure. 
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Magnitude of 
electric field 

Edge of 
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Rgure 5.7: A snapshot of the electric field along the center of a square 
lattice of dielectric cylinders with a defect when a plane wave is 
incident on it. 
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Figure 5.8: The stored energy (eE^) versus distance along the center of 
the structure when a plane wave is incident on a square lattice of 
dielectric cylinders with a defect. 
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Figure 5.9: A close up view of the stored energy inside the defect. 
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A defect structure may also be placed in the triangular lattice of cylindrical 

columns in order to localize the field. The electric Held inside a triangular lattice 

structure with a defect, using the same parameters as the square lattice case, is shown in 

figure 5.10. 

• 11 

Figure 5.10: The electric field inside of a triangular lattice of cylindrical 
columns with a defect. 

The electric field and stored energy are of much greater amplitude inside the defect of 

the triangular structure, as compared to the square lattice structure. This is shown in the 

figure 5.11, 5.12 and 5.13. 

Magnitude of 
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Defect 

Distance 

Figure 5.11: A snapshot of the electric field of a plane wave incident upon a 
triangluar lattice of dielectric columns with a defect layer. 
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Figure 5.12: The stored energy (eE^) versus distance of a plane wave 
incident upon a triangular lattice of dielectric rods with a defect layer. 

Defect 

Distance 

Figure 5.13: A close up view of the stored energy inside 
of a defect in the triangular lattice of dielectric rods. 

The previous figures correspond well with the results in [9], where it is also 

noted that the defect mode is much more localized in the triangular lattice than the 

square lattice. 
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5.4 Computing the Frequency Spectrum with the FFT 

The FDTD method has now been proven to be very effective in calculating the 

parameters of interest in one and two dimensions when the frequency of operation is 

known. However, it would be very useful if the FDTD approach could be used to 

determine the frequency response of a two dimensional structure in which the PBG 

center frequency is not known. In the one dimensional case, the analytic code was used 

to find the frequency response; however, there is no similar code for the two 

dimensional case. Also, a frequency domain program is not always suitable due to the 

fact that the requisite matrix operations use enormous amounts of computer memory. 

This section will demonstrate that the FDTD code, along with a simple Fast Fourier 

Transform (FFF) algorithm, is able to compute the frequency spectrum very quickly. 

The proposed method for obtaining the frequency spectrum is simply to drive a 

pulse with a known frequency spectrum through the stmcture, and then examine the 

frequency spectrum of the pulse after it exits the structure. This is done by taking a time 

history of the pulse and analyzing it with an FFF algorithm from [10]. The pulse that 

exits the stmcture should be missing the frequency components that are unable to 

propagate through the structure, thereby indicating where the photonic band gap is. By 

repeating this method with the field incident on the stmcture at different angles, a map 

may be created which shows the frequency response versus direction of propagation. 

This is commonly referred to as an o)-k diagram. 
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Figure 5.14 shows a picture of the pulse that is used to excite the PBG structure, 

as it propagates in free space. The frequency spectrum of this pulse, created by the FFT 

algorithm, is shown in figure 5.15. 

Magnitude 2.5 -
of the 
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0.0 ^ ̂  I 1 1 1 Time 
-0.5 • 
-1.0 
-1.5 • 

Figure 5.14; A time history of a point in space in which the pulse used in the 
FFT methiod travels through. 

Magnitude 

3.00E+08 7.00E+08 
Frequency (Hz) 

Figure 5.15: The frequency spectrum of the initial pulse in free space. 

Once the characteristics of the initial pulse were recorded, it was then allowed to 

propagate through the PBG structure under investigation. This stmcture was a stack of 

eight periodic dielectric slabs, with Eri = 2.04081 and = 4.0. The widths of the 

structure were chosen to be quarter-wavelength layers with respect to the frequency 

3.75E7 Hz. Therefore, it is expected that there will be a dip in the frequency spectrum 
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at 3.75E7 since we have already shown that a slab of periodic quarter-wavelength layers 

creates a photonic band gap. The results when the pulse is allowed to propagate through 

the structure are shown in figures 5.16,5.17, and 5.18. Figure 5.16 shows a time history 

of the pulse as it propagates out of the structure, and figure 5.17 shows the FFT of this 

signal. This data is then divided by the data in figure 5.18 in order to create a 

normalized frequency response of the structure. 
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Figure 5.16: A time history of a point in space in which the pulse used for the FFT 
method passes through, after propagating through the dielectric slab structure. 

Magnitude ' 00 
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Figure 5.17: The frequency spectrum of the pulse after it travels 
through the dielectric slab structure. 
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Magntitude 
2T 

Frequency (Hz) 
3.00E+08 7.00E+08 

Rgure 5.18: The normalized frequency spectrum of the pulse after 
it travels through the PBG structure. 

The nulls in figure 5.18 correspond to the band gaps of the structure, and the 

apparent 'noise' in-between the gaps are the side lobes. The gaps do not correspond to 

zero transmission, only because of the small dielectric contrast between layers, as well 

as the small number of layers. The first gap corresponds to a frequency of 3.66E7 +/-

0.19E7, which matches the expected value of 3.75E7. Not only does figure 5.18 show 

that the FFT and the FDTD code may be used to locate the correct expected PBG 

frequency, but it has shown that the frequency response of this structure is periodic in 

nature itself. If fo is the band gap frequency (3.75E7), then the band gaps occur at 

frequencies of f = (2n+l)fo, where n is a positive integer. This computed spectrum 

corresponds very well to the one dimensional analytical code, as shown in figure 5.19 

and 5.20. 
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Figiure 5.19: The transmission coefficient versus frequency plot, 
produced by the analytic code. 
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Figure 5.20: A close up view of the transmission spectrum produced by 
the I dimensional analytic code. 

As mentioned before, this structure does not have a complete photonic band gap 

even in one dimension, because the structure is not infinitely long. The gap would also 

be more pronounced if the difference between the dielectric constants were larger. In 

order to show this, the materials used in the previous simulation were changed to Eri = 

4.0 and Zti = 17.3611, and the FFT method was applied. The results from this 
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simulation and the previous one are compared in figure 5.21. Notice that the band gaps 

become wider and more prominent with the stronger contrast in the dielectric constants. 
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Rgure 5.21: A comparison of the FFT of the output signal for e,! = 
2.04081, Crt = 4.0 and Eri = 4.0, ea = 17.3611. 

The same method that was just used for the non-defect one dimensional 

structures may also be used for those with defects. The following results (figure 5.22) 

are for a defect structure with 4 layers on either side of Eri = 4.0 and er2 = 17.3611. 

Transmlssio ^ -322 
Coefficient 

1 -

.007732 

V 

1.0e8 OJleO 

esults start 
differ 

requency 

1.788 

Figure 5.22: A comparison of the analytic and FFT method results for 
the 4-defect-4 layer structure with e,i = 4.0 and = 17.3611. 
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The results match so well at the lower frequencies that the results are almost 

indistinguishable at some points. However, at the higher frequencies, the results start to 

drift. This is due to the fact that the discretization becomes worse as the frequency gets 

higher, i.e. there are less cells per wavelength calculated. 

5.5 Two Dimensional co-k Diagrams 

The method of finding the transmission spectrum by using the FFT may be used to form 

an 0)-fc diagram, or frequency versus direction of propagation diagram. By placing a line 

source in different locations (one at a time) and recording the signal at an appropriate 

place, the transmission versus direction may be mapped. The band gaps may then be 

observed (low magnitude of propagation in any direction for a given frequency). Figure 

5.23 shows the placement of the source and time histories that are taken to form the (o-k 

diagrams. The frequency spectmm for different angles of incidence are plotted together 

to show the frequencies for which a very low amount of transmission is observed (figure 

5.24). This data is then put into a color coded CD-fe diagram so that the band gaps can be 

easily observed (figure 5.25). 
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Rgure 5.23: The placement of the line sources in the triangular lattice of 
dielectric rods, for the formation of the ayk diagram. 
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Figure 5.24: The transmission coefficient versus frequency plotted for many 
angles of incidence in the triangular lattice of dielectric rods. 
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Figure 5.25: An (O-k diagram for the two dimensional triangular 
lattice of dielectric rods. 
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CHAPTER 6 

Sources in Two Dimensional PBG Structures with Defects 

As mentioned earlier, two of the applications of photonic band gaps are the 

construction of laser cavities and waveguides. This chapter will discuss the results of 

putting sources inside of two dimensional resonant cavities as well as placing the 

sources so that the energy from them propagates along a defect, creating a waveguide. 

6.1 Line Sources Inside of Two Dimensional Resonant Cavities 

With the source inside of a defect (a dielectric rod with a lower dielectric 

constant) in the square and triangular lattice structures presented in chapter five, the 

field intensity pattern is similar to that when the source is outside of the structure 

(figures 5.6 and 5.10). The electric field patterns when the source is inside of the 

structures are shown in figure 6.1 and 6.2. 
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1 

Figure 6.1: The magnitude of the electric field with a source placed in 
the defect of the square lattice of dielectric rods. 

Figure 6.2: The magnitude of the electric field when a source is 
placed in the defect of the triangular lattice of dielectric rods. 

Unlike the situation when the source was outside of the structure, there is now a 

build-up of energy inside the defect, as the source is now surrounded by the reflective 

dielectric walls. The following plots (figures 6.3,6.4,6.5 and 6.6) show the electric field 

pattern and energy that is contained in the square and triangular lattices. 
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Hgure 6.3: The electric field versus distance for a source 
inside of the defect of the square lattice of dielectric rods. 
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Figure 6.4: The electric field versus distance for a source inside 
of the defect of the triangular lattice of cylindrical rods. 
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Figure 65: The stored energy versus distance for the source inside of 
the square lattice of dielectric rods 
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Fipre 6.6: The stored energy versus distance for a source 
inside the defct of the triangular lattice of dielectric rods. 

The previous plots show that the square and triangular lattice of dielectric rods 

are capable of being resonant cavities when a source is placed inside of the defect. The 

square lattice produced an electric field gain of approximately 11 and the triangular 

lattice produced a gain of approximately 13. In addition to a higher gain, the triangular 

lattice seems to also be better at localizing the stored energy inside of the defect than the 

square lattice. 
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6.2 Rabi Oscillations 

In order to show that a two dimensional cavity is suitable for a laser cavity, it 

must be shown that Rabi Oscillations can be sustained in it. This section will 

investigate the effects of putting an atomic model in different cavities in order to obtain 

these oscillations. This was first done by placing a cluster of 2 level atoms inside a 

square PEC box. The sides were made to be a half-wavelength long so that modes 

would exist in the horizontal and vertical directions. The electric field versus time for 

this simulation is shown in figure 6.7, 

Magnitude of 
Electric Field 

3.00E-13 5.00E-13 7.00E-13 Seconds 

Figure 6.7: The electric field versus time for the Rabi Oscillations inside of a X/2 
square PEC. 

As seen in figure 6.7, it appears that the Rabi Oscillations are occurring, even 

though they are very close together, and not very uniform. In order to investigate what 

is occurring at the atomic level, the ps level must be examined. If true Rabi Oscillations 
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are to occur, the ps level will fall all of the way from positive one to negative one, and 

then rise back to positive one, and repeat the cycle. The p3 level of this simulation is 

shown in figure 6.8. 
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Figure 6.8: The magnitude of the p3 level versus time inside the Ay2 
square PEC. 

After examining the p3 level it is apparent that the Rabi oscillations were not 

properly occurring, because of the inability for the p3 level to be completely discharged. 

This was due to the energy that was not in the resonant modes (i.e.: the energy not 

oscillating in the horizontal or vertical directions), which re-elevated the ps level too 

fast. In order to get rid of this problem, only one set of PEC walls was used so that there 

would only be energy trapped in the horizontal direction, with PMLs in place of the 

other wails. However, this did not work because a large portion of the energy was able 

to escape the grid so that the pa level could not be recharged. This may be seen in 

figures 6.9 and 6.10. The electric field continually decays, and the ps level is unable to 
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rise back up to positive one. The ps level decays because energy is being lost from the 

system. 
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Figure 6.9: The electric Field versus time using only two PEC walls. 
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Rgure 6.10: The magnitude of the p3 level verus time using only 
two PEC walls. 

The next step in trying to obtain Rabi Oscillations was to put the atoms in a 

cylindrical PEC structure so that all of the energy would be resonant. The only problem 

with this is that the curves of the PEC are approximated by a staircase grid, since the 
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code is written in rectangular coordinates. In order for the cylinder to be resonant, it 

2.405 • C 
must have a radius of a. = — [11]. Using this configuration the electric field 

27lf 

and p3 level are shown in figures 6.11 and 6.12. 
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Figure 6.11: The electric field verus time in the cylindrical resonant PEC. 
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Figure 6.12: The magnitude of the p3 level versus time in the cylindrical resonant PEC. 
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6.3 Waveguides 

In addition to utilizing PBG structure as resonant cavities, these structures may 

be used as waveguides. This is done by taking a PBG structure and carving out a 

'tunnel' for the light to propagate in. If the width of the tunnel corresponds to a 

frequency mode which is in the band gap, then the mode will be guided [5], This type 

of waveguide would have substantial benefits over traditional fiber-optic cables, which 

rely on total internal reflection to contain the energy that is propagating within them. 

Using the PBG crystal, electromagnetic waves may be steered around a sharp 90° turn 

with an efficiency of 98 percent, where an optical fiber could only achieve 30 percent 

transmission [12]. This technology is the key to the miniaturization of optical computer 

chips because these structures have the ability to bend light in smaller spaces. The 

major barrier that is preventing this technology from being realized is the difficulty of 

fabrication of the structures, which are on the nanometer scale. 

The PBG structure that is used to make these waveguides is the square array of 

dielectric rods. In order to find the correct dimensions and parameters of the materials, 

an CD-k diagram must be consulted so that a PBG may be found with a band gap at the 

frequency of interest. In order to guide the lowest order mode, the waveguide must have 

a width of approximately X/2. If the dimensions of the PBG structure are correct, this 

can be accomplished by simply removing a row of the dielectric rods [5]. 
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A specific example of a design that is presented in Photonic Crystals: Molding 

the Flow of Light [5] will now be given, as well as simulation results from the two-

dimensional FDTD code. The square lattice of GaAs rods in air will be constructed for 

TM use at a wavelength of 1.5p,m. Consulting a 'Gap Map' (a diagram in Photonic 

Crystals: Molding the Flow of Light showing the band gaps versus the lattice 

dimensions) for this structure (GaAs approximated as £r = 11.4), the largest gap appears 

at r = 0.18a (where r is the radius of the rods, and a is the distance between the centers 

of adjacent rods). From the 'Gap Map,' this corresponds to a lattice dimension of 

a=0.4^. With A^i.Sjim, dimensions of a=0.6nm and r=0,lnm are needed. Now, the 

waveguide must be carved out of this structure. In order to support the lowest order 

mode, a guide width of Xy2=0.75^im is needed, which corresponds to removing one row 

of rods. The waveguide structure and field pattern are shown in figure 6.13 and 6.14, 

respectively. Taking measurements at the entrance to the waveguide and the exit, the 

electric field intensities were approximately 1.15 and 1.05 (+/- 0.05), respectively. This 

corresponds to an efficiency of approximately 91% over a curve radius of less than a 

wavelength. It must be noted that these calculations are approximate, in that the 

simulations were not run long enough to achieve a pure steady state condition, and 

proper care was not taken to make sure that energy was properly coupled into the 

waveguide. 



Figure 6.13: The waveguide, carved out of a square lattice of dielectric rods. 

Figure 6.14: The electric field inside of the waveguide in figure 6.13. 
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CHAPTER? 

Conclusion 

This thesis has presented the analysis of finite one and two dimensional photonic 

band gap structures using the Finite Difference Time Domain method. Using known 

one dimensional photonic band gap structures, the FDTD was compared with an 

analytic code in order to show that the FDTD was indeed a sufficient tool to be used in 

the analysis of these stmctures. The concept of the defect structure was then introduced 

and analyzed. These structures were investigated with a source outside of the structure, 

and also inside of the defect. These defects were shown to produce laser-like 

oscillations (Rabi oscillations) when the source used was a two level atom model. The 

dielectric cavities were also shown to produce very high gain when polarization and line 

sources were placed inside of them. Gain was also produced when no defect was 

present and the structure was operated on the edge of the band gap. 

In the last two chapters, the more realistic two dimensional structures were 

introduced and analyzed. These included the triangular and square lattices of dielectric 

rods. Also, a method of finding the fi-equency response of these structures was 

developed using the Fast Fourier Transform. In addition to showing the promise that 

these structures have in the use of micro-cavity lasers, a method for designing 

waveguides was presented. These waveguides have the ability to guide light around 

very sharp turns in a very small amount of space. 
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Future work that needs to be done in this area includes the actual simulation of a 

laser cavity. This would be done by developing a three level atom model and placing it 

inside of a defect structure. Also, extensive work could be done on the design and 

modeling of VCSELs (Vertical Cavity Surface Emitting Lasers) which are currently 

being used in industry. 



109 

REFERENCES 

[1] K. Li, M.A. Tassoudji, R.T. Shin, J.A. Kong,"Simulation of electromagnetic 
radiation and scattering using a finite difference-time domain technique," Computer 
Applications in Engineering Education, vol 1, pp 45-63,SeptVOct. 1992. 

[2] J.P. Berenger, "A perfectly matched layer for the absorption of electromagnetic 
waves," J. Comp. Phys., vol 114, pp 185-200, Oct. 1994. 

[3] D.C. Wittwer and R.W. ZioIkowsld,"How to design the imperfect berenger 
PML"Electromagnetics, vol 16, pp 465-485, 1996. 

[4] E. Yablonovitch, "Photonic band-gap structures," J. Opt. Soc. Am. B, pp 283-
293,vol 10, Feb. 1993. 

[5] J.D. Joannopoulos, R.D. Meade, J.N. Winn, Photonic Crystals: Molding the Flow of 
Light, Princeton University Press, Princeton, New Jersey, 1995. 

[6] J.A. Kong, Electromagnetic Wave Theory, John Wiley & Sons, pp 121-131, 1986. 

[7] P.W. Milonni, J.H. Eberly, Lasers, Wiley, New York, 1988. 

[8] M. Scalora, J.P. Bowling et al, "Dipole emission rates in one dimensional photonic 
band-gap materials," Applied Physics B, vol 60, S57-S61, 1995. 

[9] D.R. Smith, R. Dalichaouch, N. Kroll, S. Schultz, S.L. McCall, P.M. Platzman, 
"Photonic band structures and defects in one and two dimensions," J. Opt. Soc. Am. B, 
vol 10, pp 328-332, Feb. 1993. 

[10] W.H. Press, B.P. Flannery,S.A. Teukolsky,W.T. Vetterling, Numerical Recipes, 
Cambridge University Press,New York, 1988. 

[11] R.F. Harrington, Time-Harmonic Electromagnetic Fields, McGraw-Hill, New 
York, pp. 204-205,1961. 

[12] K. G. Tatterson,"Crystal simulation shows promise in high-efficiency light 
bending," Photonics spectra, February 1997. 


