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ABSTRACT (120 words)

This project is to study the fundamental characteristic of photonic crystals in microwave
region. The most unique the character of this structure is the band gap which can
observe from the band structure graph of photonic crystals. So, we denoted the plane
wave expansion method to study the band structure graph of the photonic crystals.
Several materials are used to create the photonic crystals. Plane wave expansion
method is modified to investigate the metals material. Then, from the band structure
graph, we created the photonic crystals waveguide.

1. INTRODUCTION

Photonic crystals or electromagnetic band gap is a repeating construction which exhibits
useful band rejection for electromagnetic wave. This periodic structure has been widely
used in optical application. One dimension photonic crystal is normally worked as filter
for electromagnetic wave. Two dimension and three dimension photonic crystal are
normally used for wave guide application.

Photonic crystals provide a promising tool to control the flow of light in integrated
optical devices [1]. Therefore, there is great deal of interest in developing photonic
crystals based waveguide where one can confine and effecientiy guide the light around
sharrp corners [2-5].

The basic motivation in photonic crystal based waveguides arose when the
following properties of the photonic band gap material (PBG), which are essential for
many applications, were considered. First, photonic crystals have the property of
reflecting the EM waves within the band gap frequencies in all directions. Second, defect
structures in which the EM wave is trapped, can be created by breaking the periodicity of
the crystal.{4] These two properties have proved that the photonic crystals may serve as
waveguide. Once the EM wave is coupled inside the guide, the trapped wave, which has
no where else to go, is guided through the opening inside the crystal. This guiding
mechanism is superior to traditional waveguides which rely on total internal reflection of
the EM waves



2. RESEARCH METHODOLOGY

From the Bloch Theorem (1D: Floguet’'s), we know that wave can propagate in the PC
without scattering. So, for the most of the wavelength A, beams propagate through the
PC without scattering but for A~2a which a is the distance between each lattice, wave
can not propagate. So this is the forbidden gap. From the Maxwell Equation,
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Then, we seek a steady state harmonic solutions of the form
H(t,7) = H(r)e'™ 15
EQt,r) = E(r)e’ 16
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Where w is the angular eigenfrequency, and H(r) and E(r) are the eigenfunctions of

the wave equations. The permittivity of mediume(r)=¢g,e,(r) at any given frequency
may depend on the spatial coordinate. The refractive index is defined by Maxwell’'s

formulan =, /5,;1, = \/;7: . We need to define the complex permittivity ¢, with real part

g, and imaginary part—¢ ,, the complex refractive index ;z with real part n and imaginary

ri?

part —n, for the properties of real media. For the passive microwave materials, the loss

factor tand = / is usually specified.
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In order to analyze the Maxwell Equation’s and properties of the media, we will use the

finite difference time domain method (FDTD). To connect these field distributions to the

usual circuit guantities of voltage and current, the following fundamental expressions will
be used:

V(x)= [ Et.x)edl 1.9
C,

I(,x)=[[|H(t.x)0d1 1.10
o)

where C, is a contour extending from a defined voltage reference point to the circuit xi.
Similarly, contour C; to wrap completely around the strip conductor at its surface in the
transverse plane provides the load current.

For studying the loss of the photonic crystals, we will look into the scattering matrix. For
a single mode in wave guide, the transmissions and reflection methods are shown in
matrices as below:
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where a, b are the wave amplitudes.
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To investigate the return loss, Si; will be considered. From (2.1),

S, =~1§’1—'t 1.12
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To investigate the insertion loss, S, will be considered. From (2.1),

S, zéz— 1.13
aﬂ a,=0

Graph will be plotted again frequency.

Finally, after the computation analysis of the data, a summary on optimizing the design
of the photonic crystals will be made. For this purpose, we use commercial simulation
software to design and optimizing the photonic crystals. The software is High Frequency
Structure Simulator. By using this software, we can design the photonic crystals we need
and run a simulation on it. It will give us the return loss and insertion loss results against
frequency. So, we will also validate our study. ——————



3. LITERATURE REVIEW

Photonic crystals has been studied rigorously in this decade. First, the study was lead by
Yablonovitch and Sajeev [6, 7] in 1987 which they found that the periodic dielectric can
control the flow of light and this caused the born of photonic crystals in Physics. This is
the beginning of the photonic crystals research in the scientific area. It has become one
of the most leading researches in the world where scientists try to understand the basic
characteristic of the photonic crystals. They used the fundamental physics of solid state
to study it. Bloch theorem, reciprocal lattice and Brillouin zones were adapted from the
original understanding. Due to the close relationship between periodic energy, band
structure graph is used to describe the propagation of the wave for photonic crystals. it
can show the stop band and propagation band of the photonic crystals. As we can see in
Figure 1 an example of band structure, the shaded grey area is the stop band of the
designed photonic crystals. Wave propagation is not allowed in this area. This is
because the wave is destructed and there is no energy band. The entire wave is rejected
in this area and this made the very special characteristics of PC where only PC can
make it. The extensive development of solid state has opened the gate of the
semiconductor technology. It built a strong base of manipulating the current
development on the semiconductor but it was still not enough. Although scientists had
the strong knowledge about propagation electron in solid, they are looking forward to
manipulate the light or wave in solid. This breakthrough finding will bring the new era of
information technology.

¢ 10" TE:Band structure of a 2D trangular photonic band structure

i 1 i I
K 5 mn 15 par 25 =0
wave vecior

Figure 1 Dispersion graph of the photonic crystals. 2-dimension triangular lattice with
Galium Arsenide as background material and embedded with vacuum rods.



Band structure graph is used to determine the working frequency, structure dimension
and losses of the photonic crystals. Then, this can lead to the application in antenna,
filtker and waveguide. We can create PC with its characters of reflection, localization,
refraction, and transmission. Each of these characters can be used to create unique
devices that currently being used with lower losses. Example, with the localization
characteristic of PC, we can design a waveguide [2, 4, 5, 8-10], with band gap
characteristic, we can design a reflecting mirror [6, 11]; with refraction characteristic, we
can design a super prism phenomena [12] and negative refraction[13]. Due to these
unique characteristics of photonic crystals, scientists have thought of using photonic
crystals arrangement for photonic circuits. Photonic crystal is used to control the flow of
photon in the photonic circuits as shown in Figure 2. This is the illustration by G.
Johnson from MIT which he believed that this is the future of photonic circuits. Each of
its components was made by photonic crystals. Besides that, photonic crystals also can
be used to confine the flow of microwave. So, photonic crystals lie in the general
objective of micronanophotonics devices.

The basic characteristics of photonic crystals have driven the photonic crystals to
replace the conventional design of electronic devices. There are a few examples of
replacement which are antenna [14-17], fiber optic[18-20], laser[21], microstrip [22-26],
filter [27], photonic circuits[28], superconductor[29], solar cell[30], perfect lens[31],
horns[32], waveguide [10, 33, 34] and biomedical and chemical sensor[35, 36]
Scientist also starts to use metallic photonic crystal to study the effect of surface
plasmon polaritons.[37-41] Recently, scientists also found out that we can tailor the
plasma frequency of metallic as desired.[41-43] The result is promising. PC made from
plasma material also has been studied by several scientists.[42-44] So, band structure
graph is very important to be used to design and characterize all the devices mentioned
above.

Figure 2 lllustration of photonic crystals circuit (Courtesy of Steven G. Johnson)

4. FINDINGS

We have successfully plotted the band structure graph for several dielectric materials in
microwave region. Plane wave expansion method has been modified for the



investigation of metals materials. So, an improved equation for plane wave expansion
method has been derived for the calculation of band structure graph. Then, from the
band structure graph the group velocity of the wave has been discussed for the
application of waveguide. Group velocity anomaly was detected in band edges of
several materials. This characteristic can be used for the enhancement of photonic
devices. Surface plasmons were also detected. This interesting feature can be used for
the terahertz application.

5. CONCLUSION

Finally, we have plotted several band structure graphs of different materials which
included frequency dependant material. Group velocity anomaly and surface plasmons
were detected in the band structure graph. So, detailed discussion has to be done in
future investigation.
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By using the plane wave expansion method, we have calculated the band gap for a metallic
slab with air rods in the transverse magnetic (TM) mode. The metallic structure of this
system is an identical, symmetric structure and an infinite array of air rods. The arrangement
of the air rods we used are a square lattice and a triangular lattice. The dielectric function
of the metallic substrate is of the free electron form e(w):l»(wg Jw?), where wp, is the plasma
frequency of the conducting electron. We present the band structure of the square lattice
and triangular lattice.

PACS numbers: 42.70.Qs, 42.79.-e, 71.20.Tx

I. INTRODUCTION

- Photonic crystals are periodic dielectric structures.  They were studied by
Yablonovitch [1]. He considered the photonic crystals by solving the Maxwell equation
and found the analogy between the wave propagation in periodic crystals and the electron
propagation in real crystals. He pointed out the importance of the band gap which occurs
in the band energy of the photonic crystals. The existence of the band gap can help to
mold the flow of the light. It can localize and guide the flow of photons in the structure.
The effort of finding a method to solve the band energy continued after that. There have
been many proposed methods [2-8]. They include using the plane wave expansion method
(PWE), finite differences time domain {(FDTD}), and super cell and finite differences fre-
quency domain (FDFD). Each method has it own limitations for finding the band structure.
PWE was used for finding the band structure which is normally symmetric, and FDTD or
FDFD was used for any complex structure. But PWE uses less computational time. As
for the band gap calculation, the material used includes non-frequency dependent materi-
als to frequency dependent materials. Non-frequency dependent material was investigated
rigorously but not the frequency dependent materials. Frequency dependent material here
means a metallic material like copper, silver, gold, aluminum, etc. In 1994 [4], the first
calculation was made to calculate the photonic crystals containing a metallic structure in
air using the PWE method. The dielectric function was formed as

ew) =1~ (wh/w?), 1)

where wy, is the plasma frequency of the conduction electrons.

http://PSROC.phys.ntu.edu.tw/cjp 855 © 2009 THE PHYSICAL SOCIETY
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The motivation of this paper is due to the wide applications of microstrips, antennas,
filters, etc. in which the structure normally contains a metallic substrate. Furthermaore,
metallic structure was limited for higher frequency waves to more than 10 GHz [9]. This
phenomenon was explained due to the metal’s electron drifting when the frequency is that
high. Although there are various methods to find the band structure of metallic cylinders, a
metallic slab still lacks consideration. So, in this paper we calculated the band gap structure
of a metallic substrate with an air cylinder. We continue the PWE method and modify the
dielectric periodic constant of the photonic crystals to meet the need here. The mode we
focused on here is the E polarization mode or transverse magnetic mode (TM). This is the
mode which will be guided through.

1II. MATHEMATICAL FORMULATION

I1-1. Basic
The 2D structure is shown in Figure 1. We assumed the periodic structure is along
the z axis. So, we turned the Bravais lattice into a vector form as

FIG. 1: Cross section view of the 2D periodic structure.

z = liay + laas. (2)
The dielectric constant of the structure along = should fulfill the following characteristic:

elz+z)] = (). (3)
Therefore, we expand it into a Fourier form,

e'(z) =) € (@), (4)
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where G is the reciprocal lattice and the Fourier coefficient is

/ 1 —iCg
£(G) = = /dzxe'(_x)e e (5)
‘ G
I1-2. Modification
We modify and construct the dielectric periodic function to meet the requirement of
the metallic structure we proposed, as is shown in Figure 1. We formulate it in

'(z) = e(w) + [1 - e(w Z S [z - z()], (6)

where S(z) = 1 if z is inside the cross section of the cylinder centered at the origin of
coordinates and S(z) = 0 if z is outside this cross section. We compare Equation (6) with
Kuzmiak’s calculation [4], which is stated as

e(x) =1+[ew) —1])_S[z— z(l)]. (7)
i

Eguation (6) is modified from the work of Kuzmiak. We switch the position of the dielectric
constant between metallic rods and air. The equation fulfills the periodic behavior of the
structure. After that we make the comparison, we found that both of the equations can be
combined and transform into the equation

e'(z) = —(z) + 1+ e(w). (8)

So, in this case we can expand Equation (8) in a Fourier transform

' 1 ; 1 4
£'(G) = - /dzxa(x)c”l(;" +— /dzx 14 e(w)]e =, 9)
'C b (= G
we get as the final equation
I 2] 2
1oy W “p 1 2 ~—1G-x
(G) = |1 - -2 8¢ B f (z)eC=.
'(G)= |1 o5 e+ [wﬁ} o d*zs(z)e (10)

G

We assume that when G = 0 the dielectric constant is

3
G

[ w? ] w2l 1
e"(G) = |1——L|ép0+ |::)%} a—/s(m)d%, (11)

where dpo = 1, fs(a:)d2x = f, s0
‘G

£"(G)=1+ [“’—’2’} (f - 1). (12)



858 BAND GAP CALCULATION USING . .. VOL. 47

We also assume that when G # 0 the dielectric constant is
wz 2
£'(G) = {l - ——] g0 + { Z} / d’zs(z)e ¢, (13)
Qe

where 15(;,0:0, E]jfs(m)e—iG'IdQ 2fJ1 ]l R) S0
e

£'(G) = 2f (14)

3} J1L(GIR)
2 e T

I1-3. Application

After the calculation of the dielectric, which is most important for finding the band
gap, we will apply Maxwell’s equations. In this application, we would like to consider only
the E polarization mode or transverse magnetic mode.

In the TM mode (E polarization) E3(zjw) is obtained as

Es(zlw) =) B(k|G)e'*+4)=, (15)
G
where k is the wave vector of the wave. Then, we obtained an equation (16) satisfied by
the coefficients B(k|G):
2
(k+GYB(k|G) = = &(G ~ G')B(K|G)
ct =

- ——~e(0)B(k|G)+ Ze(G G")B(k|G). (6

The use of the results of Equations (12) and (14) into Equation (16) which transforms the
latter into

w? w? w? (i _ o
(k+ GBIG) ~ 1 BUG) + FBUIG) ~ F T2 f%(%}%ﬂmk}c)

2 [
= —B(le)Z (k+GYog,c + 02666"’ - prJl—](CLq—G%%E)-} x B(k|G)

w2
=S5 B(kG). (17)

III. RESULTS AND DISCUSSION

Equation (17) is a Hermitian Matrix. It has eigenvalues that need to be found. This
is a standard cigenvalue problem that can numerically be solved. We used copper as the
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metal slab and a vacuum for the cylinder rods. The plasma frequency of copper is 1914
THz [10]. We applied this equation into 2 different lattice arrangements. First, we will use
the square lattice arrangement and then the triangular lattice arrangement.

1. Square lattice

We first consider a simple square lattice arrangement. The lattice parameter is a for which
the primitive translation vectors are

a; = a(1,0), as =a(0,1), (18)
while the vectors of the reciprocal lattice are
2
bi=22(1,0), by =27(0,0) (19

The filling fractions of the square lattice air rods in the metallic slab are f = 7R?/a?.

T™:Band struciure of 2 20 sauare photonic band structure M:Band structurs of 3 20 squste phatonic baad stucture

T S WO S S N |

b) c)

FIG. 2: (a) Square lattice arrangement. (b) Band structure of 2D square lattice with filling factor=
0.0001, a = 1 mm, and R = 0.0056 mm, (c) filling factor= 0.3, a = 1 mm, and R = 0.3090 mm.

The arrangement of the square lattice is shown in Figure 2(a). The photonic band gap
is presented in Figure 2(b) and 2(c) with different filling fractions. We used a total of 121
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FiG. 3: The width of the square lattice band gap plot against the filling fraction.

waves to propagate through the structure to obtain the graphs. When the filling fraction
f=0.0001, no band gap occurred. But when it reaches f=0.3, the width of the band gap
is about 0.4, which is shown in Figure 2(b) and 2(c) respectively. In Figure 2(c), the gap
occurs between the first band and the second band. There will be no band gap beyond
that. This is a very common phenomenon in photonic crystals {2-4]. We illustrate the
relation between the size of the band gap and the filling fraction in Figure 3. We obtained
an optimum size during f=0.3. In this lattice arrangement, the band gap appears when
f 2> 0.05 and the band gap disappears when f < 0.4.

1. Triangular lattice:
The primitive vectors are
11

ay = a(1> O)a ag = a'('2—7 5‘/3.)1 (20)

then the reciprocal translation vectors are
2x 1 2r, 2
by = —{1. —=4/3) = — — ). 21
1 a (13 3\/5)7 b2 a (Os 3\/5) ( )

The filling factors of the triangular lattice air rods in the metallic slab are f =
(27 /+/3)R?/d®

Figure 4a is the arrangement of the triangular lattice. We used a total of 121 waves
to obtain the band structure illustrated in Figure 4b and 4c. In Figure 4b, we used the
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FIG. 4: a) Triangular lattice arrangement. b) Band structure of 2D triangle lattice with filling
factor= 0.0001, ¢ = 1 mm, R = 0.0053 mm; c) filling factor= 0.3, a = 1 mm and R = 0.2876 mm.

MiBand structure of a 20 tnaagutar photonic band stclure P:Bang staucture of 2 2D triangutar phatenic band strrciute

ave ¥BLhor “Wave ¥ector

a) b)

FIG. 5: a) Band structure of a 2D triangle lattice with filling factor= 0.4, @ = 1 mm, R = 0.3321
mm: b) filling factor= 0.5, a =1 mm, and R = 0.3713 mm.
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filling fraction f=0:0001. No band gap appears in this filling fraction. In Figure 4¢, we use

f=0.3 and a band gap appears in this structure. As usual, the gap only appears in between

the first band and second band. The band structure shows that the band gap appears in

between the third band and fourth band for Figure 5a, while there is a second band and

third band for Figure 5b. Figure 5a shows the band structure of the photonic crystals with
f=0.4 and Figure 5b for f=0.5. This phenomenon is very rare.

04

0.35

03

025

02

015

A oa2ze

01

0.05

D
0 01 02 03 04 05 0.6 0.7

FIG. 6: The width of the square lattice band gap plot against the filling fraction.

We plot the relation between the gap size and the filling fraction. This is illustrated
in Figure 6. We find that there are 2 peaks, although another one is smaller when f=0.5.
In this lattice arrangement, the gap appears when f > 0 and only disappears when f < 0.6.
Although the gap size is getting smaller when f =2 0.4, it rises again after that. The energy
will be emitted again after a peak. So, this condition can be used when the band energy
which is needed is not from the first band.

IV. CONCLUSIONS

The wave expansion method has been successfully used to calculate the band gap
structure of a metallic slab with air rods. We only used 121 waves to obtain a very accurate
result. From this investigation, we find that the band energy, no matter what filling fraction,
does not tend to zero at T. A 2D square lattice band gap appears in between the first and
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second band for all of the filling fractions. However, for the 2D triangular lattice, the band
gap appears in between the second band and the third band, as well as the third and fourth
band for f=0.4 and f= 0.5, respectively. Although the size of the gap is small, it still can
be applied if the nceded transmittal energy starts from the second band or third band. So,
it can be used in different applications of metallic slabs. OQur method of calculation can be
extended to find the band gap structure of defect modes and waveguide modes of photonic
crystals which are made of metallic slabs.
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