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Abstract

In this thesis, I tried to synthesize a one dimension dielectric photonic crystal.
I have succeeded in depositing single layers of zinc oxide and magnesium
oxide on glass substrates. Each single layer was characterized by a scanning
electron microscope, X-ray diffraction, A Mirue interferometer, and a
spectrophotometer. The refractive indices, extinction coefficients, and
absorption coefficients of each single layer were calculated from the measured
transmittance, reflectance, and thickness data. Using the calculated parameters
(refractive indices) and measured parameters (thicknesses) the transmission
spectrum of the one dimension photonic crystal composed of zinc oxide and
magnesium oxide was modelled. Using the transfer matrix method, a
comparative study of the one dimension-dielectric and –metallic photonic
crystals was done. Effect of the refractive index difference, filling factor,
number of periods, Plasmon frequency, damping coefficient, and incidence
angle on the transmittance of the dielectric and metallic photonic crystal was
carried out. A multilayered structure composed of Silver and Gallium Nitride
was designed to transmit in the visible region, block UV frequencies, and
reflect the IR and microwave frequencies. Using a combination of MaxwellGarnett Approximation and the transfer matrix method; the properties of a
nanocomposite photonic crystal consisting of Cryolite and spherical
nanoparticles of silver distributed in a dielectric matrix of titanium dioxide
was studied. Effect of the nanoparticle concentration, lattice constant and
incidence angle on the polaritonic and structure photonic band gap were
studied.

Key words: photonic band gap, metallic photonic crystals, Nanocomposite
photonic crystal
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Thesis organization
In chapter 1, we introduce the basic concepts of the photonic crystals.
In chapter 2, theories needed to study electromagnetic wave propagation in
dielectric, metallic, and nanocomposit one dimension photonic crystals,
introduced.
In chapter 3, we briefly describe the spray pyrolysis system and its advantages.
We also introduce our spray pyrolysis system in addition to the characterization
techniques used to analyze the deposited films.
In chapter 4, we present our experimental and the theoretical results.
In chapter 5, we outline our experimental and theoretical work.

Chapter 1
-Introduction1.1 Why photonic crystals?
Metallic waveguides and cavities are broadly used to control microwave
propagation. The walls of a metallic cavity disallow the propagation of
electromagnetic waves with frequencies lower than a certain threshold
frequency, and the metallic waveguide allows propagation only along its axis. It
would be very useful to control the electromagnetic wave propagation outside
the microwave region, such as the visible light region. Dissipation of the visible
light energy within metallic components makes the metallic waveguide and
cavities approach impossible to generalize at optical frequencies. Photonic
crystals (PCs) allow the properties of the cavities and waveguides to be
generalized and scaled to cover a wider range of frequencies. It’s possible to
fabricate a photonic crystal of a given geometry with millimetre dimensions for
microwave control, or with microns dimensions for infrared control [1].

1.2 What are Photonic crystals?
Photonic crystals are artificial materials that can do to photons what
ordinary semiconductors do to electrons: they exhibit a photonic band gap in
which photons with certain energy can’t propagate inside the crystal, regardless
of the polarization and propagation direction.
Photonic crystals are characterized by three parameters: the lattice topology, the
spatial period, and the dielectric constants of the constituent materials [2]. By a
suitable selection of these parameters, a gap can be created within which
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propagation of electromagnetic waves are forbidden. This forbidden frequency
range is called ‘photonic band gap’.
It’s common to distinguish one-, two-, and three-dimensional photonic crystals
by the number of dimensions within which the periodicity has been introduced
to the structure. Example of one-, two-, and three- dimensional photonic crystals
is shown in figure (1-1) [2].
Even the simplest photonic crystals have surprising properties. Where it can be
constructed to reflect light that is incident from any angle with any polarization
(omnidirectional reflector).
If, for some frequency range, a photonic crystal prevents the propagation of
electromagnetic waves of any polarization travelling in any direction from any
source, then we say that the crystal has a complete photonic band gap. Onedimensional photonic crystals can’t have a complete band gap because material
interfaces take place only along one axis. It can be built to exhibit
omnidirectional reflector, but only for light sources far from the crystal. For
creating a complete photonic band gap, the dielectric lattice must be periodic
along three axes, forming three-dimensional photonic crystal with large
difference in the dielectric constants of the constituent materials.
The first studies of the electromagnetic field propagation in periodic materials
were conducted by Lord Reyleigh in 1887 [1]. Rayleigh noted narrow band gaps
where the propagation of light is prohibited. He concluded that the crystal
corresponded

to

a

one

dimensional

(1D)

periodic

lattice

prevents

electromagnetic waves from traversing the material due to a resonance effect.
The result of this pioneering work opened the door to develop multilayered thin
films in the form of dielectric stacks.

2

In 1987, Yablonovitch [2] and John [3] proposed the optical analogue to
semiconductor materials, the concept of joining the classical electromagnetism
and solid state physics together in the form of omnidirectional PBGs was
introduced. Yablonovitch’s ideas was to use photonic crystals for getting more
efficient

optical

devices

operating

at

optical

wavelengths

including

semiconductor lasers, hetro-junction bipolar transistors, and solar cells. In all
these devices spontaneous emission in undesirable directions resulted in
substantial loss. It was proposed that the PBG produced by the PCs could be
used to suppress unwanted spontaneous emission while enhancing selected
directional emission. John, on the other hand, surmised that a periodically
varying dielectric on a length scale comparable to the optical wavelength of
interest, a PC could be used to highly localized photons [3]. Based on quantum
effect of electron localization in semiconductors, he argued that specific defects
embedded within an artificial PC could support localized modes, which would
allow light to be trapped by the surrounding PBG.
Since these milestone papers an explosion of research has gone into the
theoretical simulation and physical realization of these artificial materials. The
classical boundaries of traditional fabrication technique as well as the
development of new state of the art nanofabrication methods have been
developed towards the realization of 1D, two dimensional (2D), and threedimensional (3D) with nanometre resolution.
Initially PCs were extensively fabricated using dielectric and metallic materials.
However it is only in recent times the active novel devices based on introducing
semiconductor nanocrystal quantum dots with PCs, has been undertaken [4, 5].

3

Fig.1-1 Illustrations of PCs lattices consisting of a periodic variation in the
dielectric constant represented as a change in colour (a) One-dimensional (b)
two-dimensional (c) three-dimensional

1.3 Photonic crystals in the nature
Natural photonic crystals have been found in existence. A well-known example
of a photonic crystal is the gemstone opal. The variable colours of the opal result
from a photonic crystal phenomenon based on Bragg diffraction of light on the
crystal lattice planes. A photo of a gemstone opal displayed in figure (1-2).
A species of Brazilian beetle was discovered where it has unusual mannerism of
reflecting iridescent green from any angle [6]. Scientists at the University of
Utah found that the structure of the beetle’s scales is an ideal photonic crystal
(Diamond-based structure) with a repeating unit structure of about 300 nm for
visible light. The diamond-based structure is thought to be the most successful
three-dimensional periodic structure for visible light, because it can highly
reflect a wide band of colours. Such this structure in visible light scale is a
challenge for scientists to fabricate from appropriate materials, because of small

4

periodicity in the structure is needed. A photo of the Brazilin beetle is shown in
figure (1-3).

Fig.1-2.The opal in the bracelet contains a natural photonic microstructure
responsible for its irridecent colour

Fig. 1-3 Diamonds in the rough: the inch-long Brazilin beetle Lamprocyphus
augustus (top) has scales that contains photonic crystal, giving the insect its
unique green shimmer. In the bottom image individual scales on the beetle
reflect iridescent green, due to microscopic diamond –like structures

5

1.4 Origin of the photonic band gap (PBG)
For simplicity we would explain the physical origin of PBG in one dimensional
photonic crystal system. A one dimensional PC is made of layers with
alternating dielectric constants, as shown in figure (1-4). This system repeats in
the z-direction with period a , and the periodicity will be of the order wavelength
of the light. A plane wave travelling in z-direction, along the line of periodicity,
will be scattered at the interface between two materials. This gives rise to
forward and backward propagating waves with in the structure. These waves
will interfere to form standing waves [2].
The dispersion of light in an isotropic material is given by the equation [2];

 (k )  ck /
where

c is the speed of light,

 ,

(1-1)

k is a wave vector and  is a dielectric constant,

given by the properties of the dielectric medium. This equation shows that the
energy of light varies linearly with momentum, with zero momentum
corresponding to zero energy. Figure (1-5) plots the dispersion relation of the
one dimension photonic crystal. In figure (1-5) (a) both dielectric layers have the
same dielectric constant, forming a single slab of material assigned as an
artificial periodicity [2]. Figure (1-5) (b) shows the dispersion relation of light
propagating through a dielectric stack with a relative permittivity difference
equal to one, but in figure (1-5) (c) the relative permittivity difference is equal to
twelve. Many aspects of Figure (1-5) (b) and(c) graphs are similar to that of
figure (1-5) (a), except there is a region of frequency that doesn’t contain
photonic modes, this is known as a photonic band gap. This band gap arises
from the difference in field energy location [1].
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For physical insight into this band gap formation it is useful to return to
real space and consider the electric field directly above and below the gap,
where k   / a . Here, the modes are standing waves with wavelengths equal to
2a.

Fig. 1-4 A schematic diagram of the one dimension photonic crystal

These modes have only two possible configurations within the structure. Their
nodes located within either the high or low dielectric constant layers (see Fig.16). Any other configuration violates the symmetry of the system, and hence is
forbidden. It becomes clear that while modes have the same wavelength, the
mode concentrated in the high index material will experience shorter distance,
and hence a lower frequency, than the mode concentrated in the low index
material. This difference in frequency provides the energy gap in the photonic
dispersion relation analogue to the energy gap between the valence and
conduction bands in a semiconductor material. It’s common to call the lower
frequency band as ‘’dielectric band’’ and higher frequency band ‘’air band’’.
Indeed the two systems are completely analogous, allowing the photonic systems
to be written in ’’Bloch form’’ consisting of a plane wave modulated by a
function arising from the periodicity of the lattice. This approach becomes

7

particularly useful when considering the coupling of light into two and three
dimensional photonic crystals [2].

Fig. 1-5 The photonic band structure for on-axis propagation, as computed for
three different cases each layer has a width 0.5a. Left: every layer has the same
dielectric  =13. Centre: layers alternate between  of 13 and 12. Right: layers
alternate between  of 13 and 1.

8

Fig. 1-6 The modes oscillated with the lowest band gap of the band structure
plotted in the centre panel of Fig.5, at k   / a (a) electric field band
1;(b)electric field band 2;(c) electric field density 

E

2

/ 8

of band 1;(d)electric

field density of band 2. In the depiction of the multilayer film, blue indicate the
region of higher dielectric constant (  13) .
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Chapter 2
-Theoretical background2.1 Maxwell’s equations
The fundamental equations that form the foundation for electromagnetic theory
are Maxell’s equations that deal with propagation of electromagnetic radiation in
space or materials. The equations written in differential form are [7]

 × E = – (∂B ⁄ ∂t)

(2-1-a)

 × H = J + (∂D ⁄ ∂t)

(2-1-b)

• B = 0

(2-1-c)

• D = ρ

(2-1-d)

In these equations, E and H are the electric field vector (in volts per meter) and
magnetic field vector (in amperes per meter), respectively. These two field
vectors are often used to describe an electromagnetic field. The quantities D
and B are called the electric displacement (in coulomb per square meter) and
the magnetic induction (in webers per square meters), respectively. The
quantities



and J are the electric charge (in coulombs per cubic meter) and

current (in amperes per square meter) densities, respectively.
Maxwell’s equations consist of eight equations that relate a total of 12 variables,
three for each of the 4 vectors E , H , D , and B . They cannot be solved uniquely
unless the relationship between B and H and that between E and D are known.
To obtain a unique determination of the field vectors, Maxwell’s equations must
be supplemented by so called constitutive equations (or material equations).
For linear and isotropic media

E and D and H and B are related by the

constitutive relations [7].
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where

D    r E

(2-2)

B   r H

(2-3)

 ,  ,  r , and r

are

the

free-space

permittivity,

free-space

permeability, relative permittivity, and relative permeability, respectively.

2.2 Drude model
The most commonly used model for metal permittivity is the classical Drude
model, developed by Paul Drude in 1900 [8-10]. The model was driven in order
to describe the electrical conduction properties of materials. The model predicts
with the permittivity and conductivity of real metals by modelling the
conduction-band electron motion in a metal lattice under an applied electric
field. The model takes a macroscopic view of charge carrier (electron or hole)
motion, using a simple equation of motion and deriving the material permittivity.
The model also includes friction damping that describe the resistance to
movement felt by electrons arising from collisions within the lattice between the
moving electrons and positive ions which are assumed to be stationary.
Although the Drude model does not take into account electron-electron
interactions, it is still in amazingly good agreement with the experimentally
measured permittivity data for bulk metals, particularly for the noble metals.
Drude developed his now–famous model only three years after the discovery of
electrons by J.J Thomson in 1897. The original Drude model was purely a
classical model, describing a single electron response and extending that
response to all available conduction electrons. The Drude model was later
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extended to reflect the inclusion of Lorentz damping terms [11-13], in that form,
it is known as Drude-Lorentz model, which we discuss in detail in the next
section. Still further extensions to the Drude model that include quantum
mechanical effects were introduced by Summerfield in 1927 [14]
The Drude model makes several simplifications and assumptions:
1-The conduction electrons of conduction band are treated as ideal classical gas,
although the electron density is 1000 times larger than in typical gasses.
2-Between scattering events the electrons move freely where there are no
interactions with the metal ions
3-No interactions occur among the electrons
4-The elastic scattering between the lattice defects and phonons leads electron to
move diffusively with constant velocity
5- The mass

m and the scattering rate 1/t are independent on the velocity, i.e.

the energy or the frequency
6- Because of scattering, the electrons are in thermal equilibrium with their
surroundings; hence at high temperature the electron velocity is larger.
7- The Drude model assumes that an average charge carrier experiences a
‘’drag-coefficient’’  when moving through a material lattice. We limit our
discussion here to negatively charged electrons, but the result can be applied to
holes (with a positive charge) as well. With an applied electric vector field
expressed as E , this scenario can be written mathematically using an equation of
motion for the electron

m

d
v  eE  v
dt

12

(2-4)

where

v denotes to the average velocity, m is the effective mass and e is

the charge of the electron. The steady state solution (

d
v  0) of this
dt

differential equation is

v 

et
E  n E
m

where t is the mean free time of an electron and

(2-5)

 n is the electron mobility.

Now introducing the electron density N (electron per unit volume), we can relate
the average velocity to current density

J  Nev

(2-6)

The material can now be shown to satisfy Ohm’s law with a DC
conductivity   . This is the test of whether the model accurately predicts
macroscopic, measurable quantities and hence is a good model.

Ne2t
J
E   E
m

(2-7)

The Drude model can also predict the current as a response to a time-dependent
electric field with an angular frequency  , in which case

 ( ) 



1  it

(2-8)

Here it is assumed that the electric field and current density are given by the real
parts of complex exponential functions

E (t )  Re( E eit )

(2-9)

J (t )  Re( () E eit )
In terms of the dielectric permittivity, the Drude model can be expressed as
13

 p2
  1 2
  i p

(2-10)

where  p is the plasma frequency of the material,  p is the damping factor for
the material and  is the frequency of interest the plasma frequency is a constant
of the particular material under study. Sometimes, the first term of the right side
‘1’of Equation (2-10) is written in a different form to account for, background
interband contribution to the permittivity. In this case ‘1’ is replaced by   , a
frequency-independent constant that describes the contribution to the
permittivity from electron transitions from one electron band into another.
Typically these transitions occur from the d band of the metal and act to red
shift the Plasmon excitation resonance wavelength of the metal [15]. These
interband transitions depend on the frequency of radiation, but for narrow ranges
of interest away from interband resonances, the   notation is adequate. In
reality, the electronic band transitions influence the surface Plasmon resonance
in metallic particles significantly. Taking into account the interband transitions
in the dielectric functions [16] providing a nice derivation for the resonance
frequency, the bandwidth and the maximum of the light absorption cross section
of noble metal nanoparticles.

2.3 The Drude-Lorenze model
The Drude model can be extended to more closely match experimental data by
adding frequency-dependent contributions from realistic interband transitions. If
the frequency-dependent nature of the interband transitions is important in an
analysis of the permittivity of a metal, Lorentz oscillation terms can be added to
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the Drude model in order to provide a more accurate prediction of the
permittivity of a metal. The Drude-Lorentz expression for permittivity is

 p2
f112
    2

.
  i p  2  12  i1

(2-11)

As with the Drude model,  p is the Plasmon frequency of the metal,  is the
frequency of interest, and

i the complex number, i 

1 .

The new Lorenz term include the Lorentz oscillator damping rate 1 , the Lorenz
resonance width 1 , and a weighting factor f1 . With multiple Lorentz terms, the
expression can extended to [17].
 p2
f nn2
    2
 2
.
  i p
  n2  i n

(2-12)

In this form, the contribution from interband transitions at infinite frequency (i.e
the static contribution) is   . The addition of several oscillator terms to the
permittivity function further increases the fit to experimental data, but it also
increases the complexity of calculations involving the permittivity function.

2.4

Metal-dielectric composite films

Metal-dielectric composites have unique optical properties that are significantly
different from their constituent materials. The key issue is describing the physics
of such composites is how to determine their average or effective properties. For
studying of the optical properties of a composite system, it is critical to evaluate
the effective permittivity in terms of permittivities of the individual components.
Determining the appropriate ‘mixing rule’ to describe the composite in terms of
its constituent materials is critical in understanding and predicting the
composite’s optical properties.
15

2.4.1 Effective properties of metal-dielectric composites
Metal-dielectric composites (MDCs) are typically complex systems with
complicated, often random geometries. The morphology of random MDC films
can be described mathematically in terms of self-affine films or fractals [18].
Therefore, there essentially two options for determining the overall properties of
a composite. The first method is to solve Maxwell’s equations at all points
within the composite, and predict the properties from the results. This is a very
effective and accurate method, within the bounds of the solver software, but
there is a serious hurdle in using this method as the geometry of the composite
must be known exactly. This is extremely difficult to accomplish for random
composites. The other route to finding the properties of the MDC structures is to
analyze the effective properties of the sample, without knowing the precise
composite structure. Using this method the MDC is replaced by a uniform,
homogeneous volume whose external properties (far-field spectral response, for
instance) are the same as the actual sample. If the microscopic features of a
composite sample are much smaller than the optical wavelength, the scattering
due to inhomogeneties they can be neglected. In this case, macroscopically the
composite looks like a homogeneous medium. This allows us to treat the
medium with an effective or averaging approach. From a computational and
practicality standpoint, the most efficient way to study the optical properties of a
composite structure is to evaluate the effective dielectric function of the
macroscopically uniform medium based on the dielectric constants of the
constituent materials and their respective volume fractions.
Metal-dielectric composites may have different kinds of microscopic structure
that depend on the relative concentration of the inclusions and the process of
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fabrication. Two possible topologies are shown in figure (2-1). In the left panel,
the inclusion is dilute and comprises well-defined, spherical particles embedded
in the host material. This is called Maxwell-Garnett geometry. In the right panel,
the two constituent materials intersperse among each other so that it is difficult
to say which one is the host and which is the inclusion. The two materials are
mixed in a symmetric way. This kind of mixture is referred to as the Bruggeman
geometry. For both geometries in figure (2-1) the microscopic features, i.e., the
radius of the particles in (a) or the fine features in (b), are much smaller than the
optical wavelength. Therefore, the assumption of neglecting scattering from the
inhomogeneities is applicable, and we can treat the composite as a macroscopic
homogeneous medium. The effective properties of a composite can be analyzed
by Maxwell-Garnette approximation (MGA) and the effective medium theory
(EMT) [19, 20-22].

Fig. 2-1 Composite material structures as envisioned by (a) the MaxwellGarnett geometry (b) the Bruggemann geometry.
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2.5 The transfer Matrix method
2.5.1 Transfer matrix method for one dimension-Photonic crystal
This section treats the propagation of electromagnetic radiation in a one
dimension photonic crystal that consists of alternating layers with different
refractive indices. Take the x-axis along the direction normal to the layers and
assume that the materials are nonmagnetic. The index of refraction profile is
given by [7]

n2 ,
n( x )  
n1 ,

0  x  b,
b  x  ;

(2-13)

with

n( x)  n( x  ),
where  is the period and

a and

b are the thicknesses of the layers. The

geometry of the structure is sketched in figure (2-2).
The electric field of a general plane-wave solution of the wave equation can
written as [7]

E  E ( x)ei (t  z ) ,

(2-14)

where  is the z component of the wave vector. The electric field distribution
in E ( x) within each homogenous layer can be expressed as a sum of an incident
plane wave and reflected plane wave. The complex amplitudes of these two
waves constitute the component of a column vector. The electric field in the
nth unit cell can thus be written as [7]

an eik1x ( xn )  bneik1x ( xn ) , n  a  x  n
E ( x)   ik ( xn a )
 dn eik2 x ( xn a ) , (n  1)  x  n  a; (2-15)
cn e 2 x
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with
n1 2
n
)   2 ]1/2  1 cos 1 ,
c
c
n
n
k2 x  [( 2 ) 2   2 ]1/2  2 cos  2 ,
c
c
k1x  [(

(2-16)

where 1 and  2 are the ray angles in the layers.
The constant an , bn , cn , and d n are related by
 an 1 
 cn 
1

  D1 D2 P2   ,
 bn 1 
 dn 
and

(2-17)

 cn 
 an 
1
   D2 PD
,
1 1
 dn 
 bn 

where

 eik1 x a
P1  
0


0
eik1 x a





(2.18)


 .


(2-19)

and

 eik2 xb
P2  
0

The dynamical matrices

D1

and

1
D1  
 n1 cos 1

0
eik2 xb

D2

are given by
1
 n1 cos 1


 for S wave


(2-20)
1
D2  
 n2 cos 2

1
 n2 cos 2


 for P wave


By carrying out the matrix multiplication we obtain for S- wave
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k2 x
k2 x
 ik2 xb
 ik2 x b
e
(1

)
e
(1

)

k1x
k1x
 an 1  1 


 bn 1  2  eik2 xb (1  k2 x ) eik2 xb (1  k2 x )

k1x
k1x



 c
  n  ,
  dn 



(2-21)

Similarly

k1x
k1x
 ik1 x a
 ik1 x a
e
(1

)
e
(1

)

k2 x
k2 x
 cn  1 
  
 d n  2 eik1 x a (1  k1x ) eik1 x a (1  k1x )

k2 x
k2 x



 a
  n  .
  bn 



(2-22)

By eliminating

 cn 
 ,
 dn 
The matrix equation is obtained

 an1   A


b
 n 1   C

B   an 
  .
D   bn 

(2-23)

The matrix in this equation is the unit cell translation matrix that relates the
complex amplitudes of the incident plane wave an 1 and the reflected plane
wave bn 1 in one layer of the unit cell to those of the equivalent layer in the next
unit cell
The matrix elements are
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k
1 k
A  eik1 x a [cos k2 xb  ( 2 x  1x )sin k2 xb] ,
2 k1x k2 x

k
1 k
B  eik1 x a [ i( 2 x  1x )sin k2 xb],
2 k1x k2 x
k
1 k
C  eik1 x a [ i( 2 x  1x )sin k2 xb],
2 k1x k2 x

(2-24)

k
1 k
D  eik1 x a [cos k2 xb  i( 2 x  1x )sin k2 xb].
2 k1x k2 x
The matrix elements for TM waves can be obtained by the same method.
If the 1D-PC composed of N periods

 a0   A
 
 b0   C

N

B   aN 
  .
D   bN 

(2-25)

The Nth power of a unimodular matrix can be simplifies by the following matrix
identity:
A

C

B 
 AU N 1  U n 2



D
 CU N 1
N


,
DU N 1  U N 2 

BU N 1

(2-26)

where
UN 

sin ( N  1) K 
,
sin K 

(2-27)

with K given by
1 n n
cos K   cos k1a cos k2b  ( 2  1 )sin k1a sin k2b.
2 n1 n2

(2-28)

The coefficient of reflection and transmission is obtained as
rN 

1
CU N 1
.
, tN 
AU N 1  U N 2
AU N 1  U N 2
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(2-29)

The reflectance and transmittance are obtained by taking the absolute square
of rN and t N , respectively.
R

x

C

2

,T 

ns cos  s
2
tN .
n0 cos 0

n
n
n11 n2 2
a
b
a
b

n
n1 1 n2
a
b
a

C  (sin K  / sin NK )
2

n1
a
a

n1

n
n22
b
b

2

(2-30)

Fig. 2-2 A schematic diagram of 1D-PC shows the periodicity of the layers.
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Chapter 3
-Experimental details-

3.1 The deposition technique
The methods employed for depositing thin oxide films can divided into two
groups based on the nature of the deposition process. The physical methods
involve physical vapour deposition, molecular beam epitaxy, laser ablation, and
sputtering. The chemical methods are comprised of gas phase deposition
methods and deposition techniques. The gas phase methods are chemical vapour
deposition (CVD) [23, 24] and atomic layer epitaxy [25], while spray
pyrolysis[26], sol-gel[27], spin-[28] and dip-coating[29] methods employ
precursor solutions.
Among these techniques the spray pyrolysis technique has many advantages;
1. A very Simple technique
2. Is economic, especially cost of the equipments
3. Doesn’t need high purity chemicals or substrates
4. Can produce large area
5. Can deposit multilayered films
6. It capable of thin film deposition and powder
7. Deposition rate and film thickness can be controlled
8. Offers easy way to prepare films with dopants
9. Offer an opportunity to have reaction at low temperature (100-500 0C )
Various reviews concerning spray pyrolysis techniques have been published.
Moony and Rading have reviewed the spray pyrolysis method, properties of the
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deposited films in relation to the conditions, specific films (particularly CdS),
and device application [30]. Tomar and Gracia have discussed the preparation
and the properties of spayed films as well as their applications in solar cells,
antireflection coatings and gas sensors [31]. Albin and Risbud presented a
review of the equipment, processing parameter and optoelectronic materials
deposited by spray pyrolysis technique [32]. Bhavana have deposited CdS and
NiO doped with Mn using the spray pyrolysis technique [33]. Ortiz prepared
high quality Al2O3 films using ultrasonic spray pyrolysis at T=300 to
500  C [34]. Darabont used the spray pyolysis method producing multi- wall
carbon nanotubes [35]. Ji.Ming Bain deposited MgO thin films with high (200)
preferred orientation and high resistivity on Si (100) by ultrasonic spray
pyrolysis technique [36]. Moses prepared Magnesium oxide films on quartz
substrate at 500  C and 600  C using the spray pyrolysis technique [37]. Arca
presented a systematic study on the influences of different solutions and
precursor salts on the performance of the spray pyrolytic process of ZnO and
ZnO:Al [38]. Spray pyrolysis is used for several decades in glass industry, in
solar cell production to deposit electrically conducting electrode, and in various
types of metal oxides, metal spinel oxide, binary and ternary chalcogenides and
superconducting oxides.
The spray pyrolysis system consists of a:
1- Pump (peristaltic or siring pump) that control the flow rate of the solution
2- Hot plate
3- Atomizer
There three types of atomizers:
a- Air blast (liquid is exposed to a stream of air)
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b- Ultrasonic atomizer where ultrasonic frequencies produce the short
wavelengths necessary for fine atomizing
c- Electrostatic atomizer where the liquid is exposed to a high electric field
A schematic diagram of the spray pyrolysis system is displayed in figure (3-1 a)

Fig. 3-1a A sketch shows the components of the spray pyrolysis system

3.1.1 Our spray pyrolysis system
We have built up a spray pyrolysis system to deposit multilayers of zinc and
magnesium oxide films. We successfully deposited single layer of each
magnesium oxide and zinc oxide. The system composed of peristaltic pump that
transport the solution to a glass nozzle. Compressed air passes through air flow
meter and is connected with the glass nozzle. The solution and the blast air mix
together producing fine droplets (spray cone). The spray cone deposits on a
substrate fixed on a stainless steel holder that is coupled with a motor to allow
the substrate to rotate through the deposition process. Under the stainless steel
holder there is a heater connected to a temperature controller circuit. A
thermocouple is fixed on the substrate holder, and also connected with the
temperature controller circuit. A photo of the system is shown in figure (3-1b)
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Fig 3-1b A photo of the homemade spray pyrolysis system

3.2 Zinc oxide film deposition
We purchased zinc acetate dihydrate (Zn(CH3COO)2 .2H 2O) from Sigma Aldrich.
The precursor was dissolved in a pure methanol. The concentration of the
solution was 0.1 M. The glass substrate was cleaned by diluted hydrochloric
acid, methanol, and distilled water and dried by the Nitrogen gas. We adjusted
the deposition condition to be the substrate temperature 400 C, the solution flow
rate 4ml/min, the air flow rate 12 l/min, and the nozzle to glass distance 25 cm.

3.3 Magneisum oxide film deposition
In order to deposit the magnesium oxide film, we purchased magnesium acetate
tetrahydrate (Mg (CH3COO) 2 .4H 2O) . The precursor was dissolved in solvent
contains 95% ethanol and 5% triethylene glycol (TEG). The concentration of the
solution was 0.2 M. The ethanol has a very low boiling temperature (~80 C) and
therefore, high substrate temperature causes the spray pyrolysis cone to partially
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evaporates even before it hits the substrate. This makes the surface morphology
of the deposited film highly uneven or powdery. In order to prevent undesired
morphologies, TEG is added, which has a high boiling temperature ( 280  C ) .
Addition of TEG reduces both the premature evaporation of the solvent in the
spray cone while in transit from the spray nozzle to the substrate and the
resultant loss of material during the condensation due to the substrate
temperature.

3.4 Charaterization techniques
3.4.1 X-ray differaction
X-ray diffraction is one of the non destructive analytical techniques, which
reveals information about the crystal structure, chemical composition, and
physical properties of materials and thin films. X-ray diffraction is based on
observing the scattering intensity of the x-ray beam that hit the sample as a
function of the incident and scattered angle, and wavelength or energy.

3.4.2 Scanning electron microscope
Scanning electron microscope (SEM) uses an electron beam rather than light to
form an image. The SEM produce image of high resolution, which means that
the fine features, can be examined at a high magnification. In our experiments
we use a LEO SUPERA 55 scanning electron microscope and the magnification
up to 320 KX could be obtained. It is used to characterize the morphology of the
deposited films.
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3.4.3 UV/Vis/IR Spectrophotometer
A spectrophotometer is a device for measuring the light intensity as a function of
the wavelength. It measures the reflection, transmission, and absorption. Our
device is a Perkinelemer Lamda 950, double beam spectrophotometer. It covers
the UV/Vis/NIR regions (from 200nm to 2500 nm). We measured the reflection
and transmission and extracted the optical parameters.

3.4.4 Mirau interferometer
Mirau interferometer works on the same basic principle of a Michelson
interferometer. In Mirau interferometer light is shined on the edge of the
deposited film, and the interference of the reflected rays of the film and the
substrate are used to determine the film thickness.
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Chapter 4
-Result and discussion-

4.1 Magnesium oxide and zinc oxide dielectric photonic crystal
Experimental results
Figure (4-1) illustrates X-ray diffraction patterns of the deposited ZnO film. It
presents one sharp peak and three small peaks.
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Fig. 4-1 X-ray diffraction pattern of the deposited ZnO film

X-ray shows that the film is crystallized in the Wurtzite (hexagonal) phase and
presents a preferential orientation along the c-axis. The result is in agreement
with the literature (JCPDF card no 79-2205). No characteristic peak is observed
for other impurities such as Zn(OH) etc. The strongest peak observed at
(2  34.41 ) can be attributed to (002) plane of the hexagonal ZnO, (101), (102),
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(103) were also observed at 2  36.25 , 47.35 ,62,65,

respectively. The c-axis

o

lattice constant of the ZnO thin film is 5.207 A .
The SEM images of the ZnO thin film on a glass substrate are shown in figure
(4-2). Using a simple spray pyrolysis technique ZnO nanospheres were
successfully obtained. The average diameter of the ZnO nonospheres is about
40 nm.
Figure (4-3) shows the transmission spectrum of the ZnO film in the wavelength
range of 190-2500 nm. The film is highly transparent in the visible and IR
regions, and present a sharp cut-off at approximately 380 nm. Figure (4-4)
shows the reflection spectrum of ZnO film. In the UV region, the reflectivity is
slightly large and decrease gradually with the wavelength to be very small and
became steady in the IR region. The thickness of the Zinc Oxide film was
measured by Mirau interferometer and it was 82 nm. The absorption
coefficient  , refractive index n , and extinction coefficient k were extracted from
the measured values of the transmittance, Reflectance and thickness of the film
using Murmann’s equations [39];

1  (1  R)2
(1  R)4
2
  ln 


R

d  2T
4T 2

k


4

(4-1)

4R
 1 R 
n
 k2

2
(1  R)
 1 R 
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The refractive index and extinction coefficient versus wavelength are depicted in
figures (4-5, 4-6).

Fig. 4-2 SEM images of the deposited ZnO film on a glass substrate
1

Transmittance

0.8

0.6

0.4

0.2

0

0

500

1000
1500
Wavelength (nm)

2000

Fig.4-3 The transmission spectrum of the deposited ZnO fim
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Fig. 4-4 The reflection spectrum of the deposited ZnO film
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Fig.4-5 The refractive index versus wavelength of the deposited ZnO film
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Fig. 4-6 The extenction coefficient versus wavelength of the deposited ZnO film

The surface morphology of the as-deposited magnisium oxide film are displayed
in figure (4-7). The SEM image shows a smooth and dense MgO layer. Figure
(4-8) shows the transmittance curve as a function of the wavelength for the
depsited MgO. The transmittance value of the MgO film is very high in visible
and IR region. The magnisum oxide film present a sharp cut-off in the UV
region like zinc oxide film. Figure(4-9) shows the reflection spectra of the MgO
versus wavelength. The film reflectivity is very small through the vissible and
IR regions. Also the reflectivity in the UV is small compared to ZnO film.
Figure(4-10) shows the refractive index versus the wavelength. We notice that
as wavelength falls the index of refraction rises. Therefore, n rises slowly
with  . Thus the index of refraction is higher for blue light than for red light.
This is true for almost all transparent materials.
The extinction coefficient of the MgO film versus wavelength is shown in figure
(4-11). As the wavelength decreases (frequency rises) to be close to the average
resonance frequency (   ) that lie in the UV region, the extinction coefficient
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became maximum. Therefore, the absorption became large and cannot be
neglected. This may explains the abruptly decrease in the transmission spectra in
the UV region in case of ZnO and MgO films.

Fig. 4-7 SEM images of the MgO film deposited on a glass substrate
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Fig. 4-8 The transmission spectrum versus wavelength of the MgO film
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Fig. 4-9 The reflectance versus wavelength for MgO film
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Fig. 4-10 The refractive index of the deposited MgO film
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Fig. 4-11 The extenction coeifficient agaist the wavelength of the MgO film

Many trials have been done to deposit multi-layered structure of MgO and ZnO
films using the spray pyrolysis techniques. The attempts failed due the weak
adhesion of the materials with each other under the deposition conditions that we
tried. The spray pyrolysis technique yield high roughness ZnO films. The small
difference in the refractive indices of the constituent materials (ZnO and MgO)
and the high roughness of the deposited film lead to the vanishing of the
photonic band gap. Therefore, we need to deposit very smooth films to get a
multilayered structure with the photonic band gap. We used the transfer matrix
method to calculate the transmission spectra of the 1D-PC composed of the zinc
oxide and magnesium oxide films depending upon the measured values of each
layer (refractive index, thickness, and extinction coefficient).
The calculated transmission spectra of the photonic crystal that composed of ten
periods are displayed in figure (4-12). The photonic crystal has a narrow
photonic band gap in the near IR region. The narrow photonic band gap is due to
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the slight difference in the refractive indices of the constituent materials
(ZnO/MgO).
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Fig. 4-12 The transmission spectra of the 1D-PC of MgO/ZnO

4.2 Theoretical results
4.2.1 A comparative study of the one dimensional-dielectric and –
metallic photonic crystals

Dielectric photonic crystals (DPCs)
In the last decades dielectric photonic crystals

have attracted much

research interest due to their various applications for example; optical filters,
waveguides, and optical fibres[40-43]. In this section, we restrict our discussion
on the characteristics of the 1D-DPC showing its various applications. It was
observed that, the reflection of the EM waves through DPCs exhibit resonance
reflection very much like the diffraction of x-rays by crystal lattice planes,
therefore it’s called Bragg reflector.
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We have designed 1D-DPC composed of a low index material (Cryolite=1.34)
and a high index material (Silicon=3.4) stacked alternatively on a glass substrate.
The number of periods, lattice constant, effective refractive index, and the filling
factors of the low and the high index materials are taken to be 10, 250, 2.389,
0.6, and 0.4 nm, respectively. The filling factor ( f ) of a material in a 1D-PC
can be given by [44];
f d /,

(4-1)

where d and  are the material layer thickness in the unit cell of the PC and the
lattice constant (spatially periodic constant), respectively. The transmission
spectra of the DPC are displayed in figure (4-13). The DPC presents a
transmission band for the low frequencies (long wavelengths), and the first band
gap is associated with the Bragg condition [41];

  2n ,

(4-3)

where  is the centre wavelength of the first band gap,  is the lattice constant,
and n is the effective refractive index. The effective refractive index can be
given by [45];

n   eff and  eff  fl l  fh h

(4-4)

The term fl  l represents the filling factor of the low index material multiplied by
its permittivity, and the term f h h represents the filling factor of the high index
material multiplied by its permittivity. The centre wavelength of the first stop
band which determined by Bragg condition is approximately 1194 nm is
consistent with the value deduced from the transfer matrix method that shown in
figure (4-13). The photonic band gap of the DPC can be tuned by varying n
or  .
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Fig. 4-13 Calculated transmission spectra of a dielectric photonic crystal with
n1 =1.34, n2 =3.4, d1 =150 nm, d 2 =100 nm, number of periods=10, and   0

It’s known that, in a specified frequency range the band gap width depends on
the difference in the refractive indices of the two constituent materials ( n ). To
show effect of n we have designed DPC composed of cryolite and silicon
dioxide. The transmission spectra of the photonic crystal are displayed in figure
(4-14). It is obvious that, when number of periods is equal to ten, n of
Cryolite/Silicon dioxide is small not enough to open deep gap, but when number
of periods become equal to fifty, a narrow deep gap can be open. We have
observed the number of periods doesn’t effect on the position or the width of the
photonic band gap. But increasing number of periods enhances the reflectivity of
the bad gap and makes the band gap edges steeper (see Fig.4-14).
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Fig 4-14 Calculated transmission spectra of a dielectric PC with n1 =1.34,
n2 =1.46, d1 =150 nm, d 2 =100 nm, period=10,50, and   0

In the transmission band, number of the resonance transmission peaks (RTPs)
for the PC of fifty periods is larger than number of RTPs for the PC of ten
periods. We have noticed that, the RTPs of the DPC is directly proportional to
the number of periods, and the RTPs have become closer to each other and
sharper as the wavelength decreases and vice versa.

Fig.4-15 Calculated transmission spectra of two DPCs with n1 =1.34, n2 =3.4,
 =250 nm,   0 and different only in the filling factors of the constituent

materials

40

On the other hand, in order to study the filling factor effect, we have designed
two DPCs both composed of Cryolite/Silicon, but different in the filling factors
of the two constituent materials. The transmission spectra of the two PCs are
shown in figure (4-15). Increasing the filling factor of the high index material
(HIMF) cause red shift of the photonic band gap due to increase of the effective
refractive index of the dielectric stack. It is observed the band gap width slightly
decreases with the HIMF. Therefore, in 1DPCs, the band gap width depends on
the difference in refractive indices of the constituent layers and the filling factors
as well.

Fig.4-16 Calculated transmission spectra of DPC for

s  polarized wave at

different incident angles; the DPC with n1 =1.34, n2 =3.4, d1 =150 nm, d 2 =100
nm, and number of periods=10

41

Fig. 4-17 Calculated transmission spectra of DPC for p  polarized wave at
different incident angles; the DPC with n1 =1.34, n2 =3.4, d1 =150 nm, d 2 =100
nm, and number of periods=10
Effect of the incidence angle on the transmittance of the DPC for S  and
P  polarized waves is displayed in the figures 4-16&4-17 respectively. When

the incidence angle of the electromagnetic waves increase cause blue shift of the
band gaps of both S  and P  polarized waves. The band gap of the P polarized wave shrinks due to Brewster effect at the interface between low and
high index layers [46]. But for the S  polarized wave the band gap width
increases slightly. The forbidden gaps for the two polarizations don’t coincide.
Also it is observed the P  Polarized waves more sensitive to the angle change
than S  polarized waves. 1D-DPCs has many applications such as; filters[47],
omnidirectional reflectors[48-56], polarisers[57-62], antireflection coatings,
distributed Bragg reflectors for vertical–Cavity surface emitting lasers (VCSEL),
and wavelength division multiplexers/demultiplexers on the basis of fibre Bragg
grating (FBG).
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Metallic photonic crystals (MPCs)
We have shown in the previous section that, in order to achieve photonic
band gap, the system must have a high contrast in the refractive index between
its alternating layers with negligible absorption of light. These conditions have
restricted the set of dielectrics that exhibit a photonic band gap. One suggestion
is to use metals which have large value of dielectric permittivity rather than
dielectrics. Accordingly fewer numbers of periods would be enough to achieve a
photonic band gap [63, 64]. We have designed 1D-MPC composed of
Cryolite/Silver with 10 periods, 210 nm lattice constant, 0.0476, and 0.9634
filling factors of Silver and Cryolite, respectively. The dispersion has been taken
into account by using Drude model while calculating the refractive index of
metals. The transmission spectra of the MPC are displayed in figure (4-18). As
shown in the figure, the MPC displays like the DPC an alternation of
transmission bands and band gaps with the same progressive decrease of the
transmission. However for low frequency region starting from zero frequency of
the spectrum, MPC exhibit plasmonic band gap. This plasmonic gap extends
from 309.3 THz (970 nm) to zero frequency. This band gap doesn’t originate
from the periodicity of the structure but from the bulk silver properties. In the
low frequency region, which extends from radiofrequency to the infrared region,
the permittivity of the metal is very close to a purely imaginary number. In the
case of a plane wave of frequency (  ) propagating inside the medium the
corresponding wave number is therefore a complex number. In addition to the
plasmonic band gap, the MPC exhibits structural band gap extends from 420 to
570 nm. The structural band gap follows the first transmission band that extends
from 570 to 970 nm. The Plasmonic band gap is followed by a transmission
band whose centre wavelength corresponds to Bragg condition. The situation
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here turns out to be reversed compared to the case of the DPC, where the same
exact relation corresponds to the photonic band gap. The value of the centre
wavelength of the first transmission band determined from Bragg condition (750
nm) is nearly consistent with the value deduced from the transfer matrix method
shown in figure (4-18). The first transmission band or the band gaps of the MPC
can be tuned by varying n or  as in the DPC.

Fig. 4-18 Calculated transmission spectra of MPC composed of Cryolite/Silver
with d1 =200 nm, d 2 =10 nm, number of periods=10, and   0o

Figure (4-19) shows the transmission spectra of the previous designed MPC but
with less number of periods (five periods). By decreasing number of periods, no
change is observed in the width or the positions of the structural and the
plasmonic gaps. But number of resonance transmission peaks decreases. This is
due to the MPC behaving as ensemble of Fabry-Periot cavities coupled to one
another along the propagation direction. Therefore, the MPC that is composed of
ten (five) periods can be regarded as nine (four) Fabry-Periot cavities and hence
the number of peaks.
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Fig. 4-19 Calculated transmission spectra of MPC composed of Cryolite/Silver
with d1 =200 nm, d 2 =10 nm,   0o , and periods=5

Fig. 4-20 Calculated transmission spectra of two MPCs composed of
Cryolite/Silver with periods=10,   0o ,  =210 nm and different in the Silver
filling factor

Effect of the filling factor of the dielectric and metal layers on the transmittance
of the MPC is displayed in figure (4-20). The width of the structural photonic
band gap increases with the metal filling factor. With raising the metal filling
factor (M.F) the low energy edge of the first transmission band moves to shorter
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wavelengths without moving the high energy edge causing a shrinking of the
first transmission band. This behaviour of the MPC can be understood if we
regarded the MPC as a composite structure which can be described by the
effective plasma frequency. Such effective media have unusual properties
difficult to find in other metallic solids. In close similitude with bulk metal, light
of frequency below the effective plasma frequency is reflected because the
composite medium behaves as an effective medium with negative dielectric
function, for which propagating modes can’t exist. On the other hand, light of
frequency above the effective plasma frequency is transmitted because the
dielectric constant of the effective medium is positive and propagating modes
are allowed. The effective plasma frequency proportional to the metallic plasma
frequency times the square root of the metal filling factor [65].

 'p  p the filling factor of themetal
Therefore, with raising the metal filling factor the effective plasma frequency
increases and the transparent region (transmission band) shifts to shorter
wavelength. The effect of the incidence angle on the transmission spectra of the
MPC for S  and P  polarized waves is displayed in figures (4-21 & 4-22),
respectively. An increase in the incidence angle causes a blue shift of the
structural band gaps and the first transmission band. The S  polarized waves
show a larger shift than the P  polarized waves. In addition, the low energy
edge of the first transmission band for

S

polarized waves shifts from 970 to

770 nm, nearly 200 nm with an angle change from 10



to 60 0 . The P 

polarized waves shift only~ 50 nm. This behaviour can be understood if we
regarded the MPC as a system of coupled Fabry-Perot cavities. Here each
metal/dielectric/metal structure in the MPC acts as a Fabry-Perot Cavity and the
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finite thickness of metal layers forces the cavity modes overlaps. Away from the
normal incidence, Fabry-Perot modes satisfy the condition [66];

 2

 


 nd d cos d   S ,P  m , for m=1, 2, 3,


(4-5)

where  d is the angle of propagation inside a dielectric layer, and  S , P is the
induced phase shift by the reflection at the dielectric-metal interface for S- and
P- polarized waves and is given by [27]:

 S ,P

 nd2  ni2 
 cos  2
,
2 
n

n
i 
 d
1

(4-6)

where ni is the imaginary part of the metal refractive index . The induced phase
shift of the S- and P-polarized waves is different, the Fabry-Perot modes for Sand P-polarized waves occur at different frequencies.

Away from the normal

incidence, the refractive index of the metal layers can be regarded as nm cos(m )
and nm / cos(m )

for S- and P-polarized waves, respectively. Therefore, the

effective refractive index for the S-polarized waves is smaller than that for Ppolarized waves. According to Eq. (4-6),  s is smaller than  P , and according to
Eq. (4-5), the wavelength of the Fabry-Perot modes for S-polarized wave is
smaller than that for P-polarized wave. Therefore, the transmission band in
MPCs shifts more toward the shorter wavelength region for S-polarized wave
than for P-polarized wave with the angle of incidence.
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Fig. 4-21 Calculated transmission spectra of MPC for TE waves, where the
MPC composed of Cryolite/Silver with d1 =200 nm, d 2 =10 nm, and periods=10

Fig. 4-22 Calculated transmission spectra of MPC of TM waves, where the MPC
composed of Cryolite/Silver with d1 =200 nm, d 2 =10 nm, and periods=10

In order to study the effect of the Plasmon frequency and the damping
coefficient of metals on the transmittance of the MPC (see Figs.4-23and 4-24),
we have designed MPCs composed of different metals (silver, gold, and
Aluminium). The values of Plasmon frequencies and damping coefficients are
2175/4.35 THz (Ag), 2175/6.5 THz (Au), and 3750/19.4 THz (Al). The
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transmission spectra of the Cryolite/Ag-and Cryolite/Au-PCs are displayed in
figure (4-23). The resonance transmission peaks of the Au- PC occur at the same
wavelengths of the Ag-PC. The plasmonic and the structural photonic band gaps
of the two photonic crystals coincide, and have the same width, because of the
silver and the gold have the same Plasmon frequency. The Ag-PC has higher
resonance transmission peaks than the Au-PC. This due to silver (4.35 THz) has
lower damping coefficient than gold (6.5 THz).

In figure (4-24), the

transmittance of the Al-PC is compared with the Ag-PC. The transmittance of
the Al-PC is very small compared to the Ag-or Au-PC because of Al has very
large damping coefficient (19.4 THz). The resonance transmission peaks of the
Al-PC occur at shorter wavelengths due to Al has larger value of Plasmon
frequency. Figure (4-24) shows the Al-PC has wider structural and plasmonic
band gaps.

Fig. 4-23 Calculated transmission spectra of Cryolite/Silver and Cryolite/Gold
PCs with d1 =200 nm, d 2 =10 nm, periods=10, and   0o
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Fig.

4-24

Calculated

transmission

spectra

of

Cryolite/Silver

and

Cryolite/Aluminium PCs with d1 =200 nm, d 2 =10 nm, periods=10, and   0o

The 1D-MPCs can work as mirrors better than the DPCs because they need
fewer numbers of periods to give a high reflectance gap. Plasmonic gaps of the
MPC block the longest wavelengths (microwaves and radiofrequency) this
makes it good for an application as a radiofrequency shield, or as a microwave
ovens door. It can also work as protective UV coatings.

4.2.2 Ag/GaN one dimensional photonic crystal for many applications
In recent years, many studies have been made on metallo-dielectric photonic
crystals (MDPCs), because of their numerous advantages like, light weight,
reduced size, easier fabrication, and lower costs as compared to traditional
dielectric photonic crystals [67-69].
Metals behave nearly as a perfect reflector with very low absorption in the low
frequency region, but in optical regions metals are highly reflective and
absorptive, so research on MDPCs is limited in the millimetre waves,
microwaves and far-infrared frequencies[70-73]. Since M. Scalora et al [40],
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reported a transparent metallic multilayer structure, few designs of metallodielectric multilayer were reported. The multilayer structure of M.Scalora et al,
is electrically conductive and transparent in the visible range, but can block
ultraviolet and infrared light, so it can be used for sensor protection, UV
protection films and transparent conductive display panels[74]. Accordingly, the
enhancement of the optical transmission in this structure is very important in
improving the above mentioned devices. Much research work has been
dedicated to this purpose [75-79]. Metallic multilayered structures with
maximum transmission in the visible region about 60% [75], 67% [76], 69% [77,
78], and 90% [79] have been designed. In this work we have designed a metallodielectric multilayer transparent in the visible wavelength range. To the best of
our knowledge our results related to transmittance in the visible range have
never been obtained before.
Glass substrate

GaN

Ag

GaN

Ag

GaN

Ag

GaN

Fig. 4-25 MDPC composed of seven layers on a glass substrate
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(a)

(b)
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(c)
Fig. 4-26 Transmittance of the metallic photonic crystal versus wavelength (a),
reflectance (b) and absorption (c)

Fig. 4-27 Transmission spectra of the MD-multilayered without the top and the
bottom GaN layers
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We employ a commercial program (Essential Macload) to calculate the
transmission spectra of the designed metal-dielectric multilayered structure.
Figure (4-25) shows the designed structure that consists of silver (metal) and
gallium nitride (semiconductor) layers stacked alternatively on a glass substrate.
The silver was chosen because of its favourable optical characteristics in the
visible wavelength range. The transmittance spectra versus wavelength of the
structure are displayed in figure 4-26(a). As shown in the figure, in the visible
range the designed structure has a maximum transmission of about 94.7% at
480nm and average transmission about 90%. The total thicknesses of the silver
layers in the structure are 39 nm, and the optical skin depth of silver is 10 nm at
a wavelength of 500 nm (n=0.5, k=2.88) [80]. Nevertheless the structure
presents high transmission in the visible range due to the resonance tunnelling in
the metallic-dielectric multilayer [79].
Additionally, the multilayered structure exhibits a very wide stop band covers
soft X-ray and UV regions, and another stop band extends from the near-IR to
the extremely-low frequency radiation (ELF). The higher energy stop band that
blocks soft X-ray and UV radiation is due to the absorption from interband
transitions in silver [12]. This explains the high absorption in the UV region
shown in figure 4-26(c). The silver skin depth for the microwave radiation is in
the range of microns and the structure contains only few nanometres of silver,
but it blocks the microwave and the RF radiation. The low frequency stop band
is due to the dispersion properties of silver [75]. The dielectric permittivity of
silver for long wavelengths (microwave and radio frequency) is large and purely
imaginary. In the visible and near IR region the silver effective permittivity is
nearly a negative real number so the refractive index is purely imaginary with
large amplitude as compared to unity. The intensity reflection coefficient of
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wave impinging upon the metallic surface is given by Born equation [81]
(1965);
R

n 1
,
n 1

(4-7)

where n is the metal (silver) refractive index. The amplitude of silver refractive
index in visible, IR, microwave, and radiofrequency regions is very large
compared with unity. As a consequence, the reflectance of the metal (silver)
approaches unity and is closer to it in the microwaves and radiofrequency. This
explains the high reflectivity in the near IR region and beyond (figure 4-26(b)),
and the low absorption in the visible region and beyond (Fig.4-26 (c)).
The plasma resonance transmission peak of the silver at 328 nm, which appeared
in the previous work, is suppressed in this structure due to the high refractive
index of the GaN layers. Suppression this peak makes the structure favourable in
applications where UV transmission not desirable.
The top and the bottom layers of the designed structure are gallium nitride with
thicknesses half the thickness of the other gallium nitride (GaN) layers. These
two layers work as antireflection layers, where they enhance the transmittance
largely. The enhancement in the transmission is due to the induced phase shift
from light propagation in the antireflection dielectric layer equals the induced
phase shift from the metallo-dielectric interface [76]. The transmission spectra of
the structure without the two antireflection layers are shown in figure (4-27). In
addition to the high optical transmittance of the designed structure, it has good
electric conductivity. Therefore, the MD-multilayered structure can be used as a
transparent conductor electrode in liquid crystal displays, plasma displays, and
touch panels. The figure of merit for a transparent conductor is [75] f sq  T Rs
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where T is the optical transmittance and Rs is the electric sheet resistance. If we
compared the structure results with the standard transparent conductor ITO, we
would find our structure better as a transparent conductor. ITO has optical
transmittance 80% and sheet resistance 250  / sq , and the designed structure has
optical transmittance 90% and sheet resistance 10  / sq [75]. Therefore, the
designed multilayered structure has figure of merit that is higher by one order of
magnitude as compared to ITO. We have investigated the transmittance
dependence upon the incidence angle and have calculated the transmission
spectra for the S, P, and unpolarized waves. The transmittance versus
wavelength at  =10  , 40  , and 85  are shown in figures 4-28, 4-29, and 4-30,
respectively. The transmission band of the MDPC shifts to shorter wavelengths
for oblique angles. The blue shift with the angle is small because of the GaN
layers have high refractive index, and this is one of our structure merits. For 1D
MD photonic crystal, at the lower edge of the transmission band the electric field
energy is concentrated in the dielectric layer. Away from the normal incidence,
the electric field has a component perpendicular to the plane of the layers, and
this component pushes the electric field into the metallic layer. Thus the centre
wavelength of the transmission band shifts toward shorter wavelength when the
incident angle increases [76]. In the designed structure the blue shift is larger for
the S- modes than for the P- modes and this is not surprising. This behaviour
was discussed in the previous section.
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Fig. 4-28 Transmittance spectra of the multilayered structure at  =10 

Fig. 4-29 Transmittance spectra of the multilayered model at  =40 
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Fig. 4-30 Transmittance spectra of the multilayered structure at  =85 

4.2.3 Silver nanocomposite /dielectric one dimensional photonic
crystal
Rrecently polar materials have been introduced in the photonic crystals (PCs)
creating the so-called “polaritonic photonic crystal” (PPCs). In a narrow
frequency band the polar material has a negative real part of permittivity like
metals. Such frequency band (Reststrahlen band) is limited to the infrared
region and is typical for compounds with at least partly ionic bonding [81]. The
limits of this band are defined by zero wave-vector transverse optical phonon T ,
and longitudinal phonon L . When electromagnetic wave interacts with optical
phonon, a polariton is excited [82]. Just above the T

dielectric function

becomes negative like that of a typical metal in the infrared or the visible ranges.
Contrary to the metal, the high reflectance band is narrow and determined by
lattice interaction [83]. A Reststrahlen band is a bulk optical feature, and as such

58

it used in multiple passes for monochromatization of infrared light, as well as
filters [81]. This type of photonic crystal is difficult in fabrication, and the
resonance occurs in the IR-region and can’t be tuned. PPCs can be used as a
selective low emittance coating in the thermal infrared.
Other type of PCs, nanocomposite metal –dielecrtric photonic crystals have
garnered much attention. The high polarizability and ultra fast nonlinear optical
response of metal nanoparticles embedded in host dielectric matrices made them
attractive for nonlinear photonic applications such as optical switches, surface
enhanced Raman spectroscopy, and optical limiters. The surface palsmon
resonance occurs in the optical region and can be tuned by changing the shape
and the size of the particles allowing realization such photonic devices in a wide

Cryolite layer

Composite layer

Cryolite layer

Composite layer

spectral range [84].

Fig. 4-31 A schematic of the 1D-nanocomposite photonic crystal
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Fig. 4-32 Real and imaginary dielectric permittivity of the nanocomposite film at
different filling factors

In this work we investigate the reflectance and the absorption of a one
dimensional photonic crystal composed from silver nano-spherical particles
randomly distributed in titanium dioxide matrix (dielectric matrix) and
cryolite  Na3 AlF6  . The structure is shown in figure (4-31). Let us assume that
silver particles are homogenously distributed and have spherical shape that is a
few nanometres in size. This means that the silver particle size is much smaller
than the wavelength and skin depth of the electromagnetic waves in bulk Silver.
Therefore, we can use Maxwell-Garnett approximation to define the dielectric
permittivity of nanocomposite layer [84]:

 mix     d
     d
 f m
,
 mix ( )  2 d
 m ( )  2 d
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(4-8)

where f is the filling factor of the silver nanoparticles,  m   is the dielectric
permittivity of the silver nanoparticles,  d is the relative dielectric permittivity
of the titanium dioxide,  is the optical frequency. The dielectric permittivity of
the silver (bulk) is defined by the Drude approximation as in the following way
[84]:

 p2
 m     o 
,
   i 

(4-9)

where  p is the silver plasma frequency (  p =9 eV),  o is a constant (  o =5 for
Silver),  is the relaxation constant (  =0.02eV for Ag) [85]. The dielectric
permittivity of the nanocomposite layer at different filling factors is shown in
figure (4-32). The curves show that the position of the resonance depends upon
the concentration of the nanoparticles that are distributed in the dielectric matrix.
This resonance is similar in shape to the resonance of the ionic materials but it
located in the visible range of spectrum, and can be tuned. The limits of the
Reststrahlen band T , L are given by [84]:
T   p

1 f
,
 o  2 d  f  o   d 

L   p 1 

 o  o  2 d  f  o   d  

 d  o  2 d  2 f  o   d  

(4-10)

.

(4-11)

The nanocomposite has optical properties of metals in the wavelength range
500-600 nm for f  0.2 . Therefore, one can expect the polaritonic band gap to
open this wavelength range. The refractive index of the nanocomposite layer
is n1   mix , and the refractive index of the Cryolite layer n2 =1.34. Using the

61

Transfer matrix method we have calculated the reflectance and absorptance of
the 1D-nanocomposite photonic crystals (NCPCs) [86].

Fig. 4-33 Reflectance versus wavelength of the NCPC of at different silver
nanoparticles concentration

Fig. 4-34 Absorption versus wavelength of the NCPC at different silver
nanoparticles concentrations
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The reflectance and the absorptance of the nanocomposite photonic crystal
(NCPC) of N =10, a =170, d1  d2  85 nm and different concentrations of the
silver nanoparticles are shown in figures (4-33&4-34). Where N is the number
of periods, a is the lattice constant (a  d1  d2 ) . As can be seen from the figure, a
polaritonic and a structure band gap co-existed. The polaritonic band gap is
flattening with increasing the filling factor of the nanoparticles, because the
range in which the real part of the dielectric permittivity of the nanocomposite
layer is negative increases. The structure band gaps shift to longer wavelengths
with increasing the filling factor. Figure (4-33) shows the broadening of the
absorption peaks with increasing the concentration of the nanoparticles due to
the raise in the absorption of the nanocomposite layer. The coexistence and
interaction of both the polaritonic and the structure band gaps is shown in figure
(4-35). We see in the figure the polaritonic band gap appears in a specified range
of wavelength, and it doesn’t shift by increasing the lattice constant. But the
structure band gap comes closer to the polaritonic band gap with increasing the
lattice constant until the structure and polaritonic band gaps merge and form
united gap at lattice constant a =276 nm. Effect of the incident angle on the
reflectivity of S-polarized wave is shown in figure (4-36). Since the origins of
the polaritonic and structure band gap are different, there is a difference in the
angular dependence reflectivity. The photonic band gaps originated from the
structure are shifted to shorter wavelengths with increasing the incidence angle.
This behaviour is not a surprise. The polaritonic band gap is widening in both
directions with increasing the incidence angle.
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Fig. 4-35 Reflectance of the nanocomposite photonic crystal at different lattice
constants and filling factor =0.2

Fig. 4-36 Reflectance of the NCPC at different incident angles and the filling
factor =0.2
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Chapter 5

Summary and conclusion
We successfully deposited single layer of Zinc oxide and MgO each one
deposited on a glass substrate. The deposited MgO film at 400C was amorphous,
but ZnO was hexagonally crystallized. The difference in the refractive indices of
ZnO (2) and MgO (1.72) was very small. The deposited films were rough. Many
trials have been done to deposit the multilayered structure of ZnO and MgO. The
adhesion of the two materials was not good enough under the deposition
conditions we used. The calculated transmission spectra of the dielectric
photonic crystal (ZnO/MgO) show a small band gap.

We have designed different one dimensional-dielectric and-metallic Photonic
crystals showing the difference in their transmission spectra. The MPC has both
structural and bulk metal band gap, but the DPC has only Structural band gap
that occurs as a result of the EM wave interferences. The spectra of dielectric
photonic crystal begins with transmission band at lower frequencies, which is
contrary to the case of the metallic photonic crystals there it begins with a stop
band at lower frequencies. The first band gap of the DPC and the first
transmission band of the MPC occur at the Bragg condition. The width of the
photonic band gap not only depends on the difference in the refractive indices,
but also depends on the filling factors of the constituent layers. The resonance
transmission peaks of the MPC and the DPC depend on the number of periods.
The DPCs for the P-Polarized waves are more sensitive to the incident angle
than the S-Polarized waves, but in the MPC the matter is reversed. MPCs

65

fabricated with metals having larger damping coefficients have lower
transmittance wider photonic band gaps, while MPCs made with metals with
larger Plasmon frequencies have resonance transmission peaks at shorter
wavelengths. Increasing the metal filling factor of the MPC causes the Plasmon
frequency of the metal to increase.

We demonstrated a highly transmissive pass band in MD-PBG crystals
containing about four times the optical skin depth of silver with average and
maximum transmission ratio not designed before. It was found that the structure
is not more sensitive to the incident angle changes. It is also economic from
point of view of fabrication cost. We have showed that the lowest and highest
energy bands in the structure shut off, and the resonance transmission peak in
UV region at 380 nm is suppressed. The combination of all of the previous
merits into structure make it a good for many applications such as; laser safety
glasses, UV blocking films, heat reflecting windows, display windows that block
spurious RF and microwave radiation, and transparent conductor electrodes that
have applications in flat panel displays ranging from liquid crystals to the new
polymer LEDs.

For 1D composite photonic crystal, we have studied the structure and polaritonic
band gaps as a function of nanoparticle concentration and lattice constant.
Fusion and splitting of the structure and polaritonic band gap was predicted. The
incidence angle effect for s-polarised wave shows a strange behaviour for the
polaritonic band gap which widens at the high and low energy edges with
increasing angle of incidence. The design parameters open possibilities for
fabricating these photonic crystals with prescribed properties.
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