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ABSTRACT

The optical transmission properties of two types of photonic crystals have been analyzed by using the transfer matrix
method. The first one is the dielectric photonic crystal (DPC), and the second is the metallic photonic crystal (MPC).
We found the dielectric and metallic photonic crystals have different transmission spectra. The effect of the most pa-
rameters on the transmission spectra of the dielectric and metallic photonic crystals has been studied.
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1. Introduction

Photonic crystals (PCs) are macroscopic media which
arranged periodically with different refractive indices
and their periodicities are in the range of the incident
light [1]. In such structures the permittivity is a periodic
function in space. In this case, the dielectric permittivity
function repeats itself in one dimension (1D) the struc-
ture called one dimensional photonic crystal (1D-PC), if
it repeats itself in 2D or 3D the structure called 2D or 3D
PC. The one dimensional photonic crystal (Figure 1) is a
multilayered media. It is worthy to mention that, the
propagation of photons in the PCs is similar to the
propagation of electrons in the semiconductor crystals,
where the effect of the periodic dielectric function on the
propagating photon in PCs is much like the effect of the
periodic potential function on the propagating electron in
semiconductor crystal. Consequently, a photonic band is
created in PCs similar to the electronic bad gap in semi-
conductor crystal [2].

On the other hand, when electromagnetic waves (EM)
incident on the PCs Bloch states create in the crystal, if
the Bloch wave falls in the so called forbidden bands
(photonic band gap) such a wave is evanescent and can’t
propagate in the crystal. Thus the light energy is ex-
pected to be totally reflected, and the crystal acts as a
high reflectance reflector for the incident wave. The pho-
tonic band gap of the photonic crystal makes us able to
control the light even the spontaneous emission [3]. In
this paper, we are going to do comparative study between
the 1D-DPCs and -MPCs pointing to the general applica-
tions of each kind according to its characteristics.
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2. Analysis
2.1. Dielectric Photonic Crystals (DPCs)

In the last decades dielectric photonic crystals have at-
tracted much research interest due to their various appli-
cations for example, optical filters, waveguides, and op-
tical fibres [4-7]. In this section, we restrict our commu-
nications on the characteristics of the 1D-DPC showing
its various applications. 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.

We have designed 1D-DPC composed of a low index
material (Cryolite = 1.34) and a high index material (Sili-
con = 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 in-
dex 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 [8];
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Figure 1. Schematic diagram shows a one dimensional pho-
tonic crystal.

orPJ



106 A H. ALY

f=d/A ()

where d and A are the material layer thickness in the
unit cell of the PC and the lattice constant (spatially pe-
riodic constant), respectively. The transmission spectra
of the DPC are displayed in Figure 2. The figure shows
that the DPC presents a transmission band for the low
frequencies (long wavelengths), and the first band gap is
associated with the Bragg condition [2];

A=2nA ©)

where A is the centre wavelength of the first band gap,
A is the lattice constant, and n is the effective refractive
index. The effective refractive index can be given by [2];

N=,le4 and ey = fg + f &, 3)

The term f g represents the filling factor of the low
index material multiplied by its permittivity, and the term
f.&, represents the filling factor of the high index mate-
rial multiplied by its permittivity. The centre wavelength
of the first stop band determined by Bragg condition is
approximately equal to 1194 nm which is consistent with
the value deduced from the transfer matrix method that
shown in Figure 2. The photonic band gap of the DPC
can be tuneable by varying n or A, and the band gap

ET AL

can be shift to longer (shorter) wavelengths with in-
creasing (decreasing) the lattice constant or the effective
index as Bragg condition predict.

It’s known that, in a specified frequency range the
band gap width depends on the difference in the refrac-
tive indices of the two constituent materials (An). So to
show effect of An we have designed DPC from Cryo-
lite/Silicon dioxide (N=1.46). The transmission spectra
are displayed in Figure 3, it is obvious that, when the
number of periods is equal to ten, An of Cryolite/Sili-
con dioxide is small not enough to open deep gap, but
when the number of periods become equal to fifty, a
narrow deep gap can be open. We have observed that the
number of periods doesn’t effect on the position or the
width of the band gap. But increasing number of periods
enhances the reflectivity of the bad gap and makes the
band gap edges steeper.

In Figure 3, the 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 no-
ticed 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.
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Figure 2. Calculated transmission spectra of a dielectric photonic crystal with n; = 1.34, n, = 3.4, d; = 150 nm, d, = 100 nm,

number of periods =10, and 6 = 0°.
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Figure 3. Calculated transmission spectra of a dielectric PC with n, = 1.34, n, = 1.46, d; = 150 nm, d, = 100 nm, period = 10,

and 0=0°.
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On the other hand, in order to study the filling factor
effect, we have designed two DPCs both composed of
Cryolite/Silicon but it is differ in the filling factors of the
two constituent materials. The transmission spectra of the
two PCs are shown in Figure 4 by increasing the filling
factor of the high index material (HIMF) red shift of the
band gap occurs, this due to the increase of the effective
refractive index of the dielectric stack. It is observed that,
the band gap width slightly decreases with increasing the
HIMF.

The incidence angle effect on the transmittance of the
DPC for S and P-polarized waves is displayed in the
Figures 5 and 6, respectively. When the incidence angle
of the electromagnetic waves increase blue shift of the

1
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band gaps of the S and P-polarized waves occur. The
band gap of the P-polarized wave shrinks due to Brew-
ster effect at the interface between low and high index
layers [9]. But the band gap of the Spolarized wave in-
creases slightly. The forbidden gaps for the two polariza-
tions not coincide due to the loss of the degeneracy.
From the Figures 5 and 6, we have observed that, the
P-Polarized wave more sensitive to the change of angle
than Spolarized wave. 1D-DPCs structure has many
applications such as filters [10], omnidirectional reflec-
tors [11-19], polarisers [20-25], antireflection coatings,
distributed Bragg reflectors for vertical-Cavity surface
emitting lasers (VCSEL), and wavelength division mul-
tiplexers/demultiplexers on the basis of fibre Bragg
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Figure 4. Calculated transmission spectra of two DPCs with n,
filling factors of the constituent materials.
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Figure S. Calculated transmission spectra of DPC for S-polarized wave at different incident angles; the DPC with n; = 1.34,

ny =3.3,d; =150 nm, d, = 100 nm, and number of periods = 10.
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Figure 6. Calculated transmission spectra of DPC for P-polarized wave at different incident angles; the DPC with n, = 1.34,

ny=3.3,d, =150 nm, d, = 100 nm, and number of periods = 10.
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grating (FBG) [3].

2.2. Metallic Photonic Crystals (MPCs)

We have shown in the previous section that, in order to
achieve photonic band gap, the system must has high
contrast in the refractive index with negligible the ab-
sorption of light. These conditions have restricted the set
of dielectrics that exhibit a photonic band gap. One sug-
gestion is to use metals which have large value of dielec-
tric permittivity rather than dielectrics. Accordingly a
fewer numbers of periods would be enough to achieve
photonic band gap [26,27]. We have designed 1D-MPC
composed of Cryolite/Silver with 10 periods, lattice con-
stant = 210 nm, and the filling factors of Sillver and
Cryolite are 0.0476, and 0.9634, respectively. The dis-
persion has been taken into account by using Drude
model and then we can alculate the refractive index of
metals. The transmission spectra of the MPC are dis-
played in Figure 7. As shown in the figure, the MPC
present like the DPC alternation of transmission bands
and band gaps with the same progressive decrease of the
transmission contrast. However for low frequency region

1
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starting from zero frequency of the spectrum, MPC ex-
hibit plasmonic band gap. This plasmonic gap extends
from 309.3 THz (970 nm) to zero frequency. This band
gap not originated from the structure but from the bulk
silver properties. 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 first transmission
band whose centre wavelength corresponds to Bragg
condition. The situation here turns out to be reversed
compared to the case of the DPC, where the same exact
relation corresponds to the first band gap. The value of
the centre wavelength of the first transmission band de-
termined from Bragg condition (750 nm) nearly consis-
tent with the value deduced from the transfer matrix
method shown in Figure 7. The first transmission band
or the band gaps of the MPC can be tuned by varying n
or A asinthe DPC.

Figure 8 shows the transmission spectra of the previ-
ous designed MPC at the number of periods equal to five
periods. By decreasing number of periods, no change in
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Figure 7. Calculate transmission spectra of MPC composed of Cryolite/Silver with d; = 200 nm, d, = 10 nm, number of pe-

riods =10, and 0 =0°".
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Figure 8. Calculated transmission spectra of MPC composed of Cryolite/Silver with d; = 200 nm, 4, = 10 nm, # = 0°, and pe-

riods = 5.
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the width of both structural and plasmonic gaps has been
noticed, also there is no shift in the transmission spectra
has been recorded. But the resonance transmission peaks
became less (four), this due to the MPC behaves as en-
semble of Fabry-Periot cavities coupled to one another
along the propagation direction. So the MPC that com-
posed of ten (five) periods can be regarded as nine (four)
Fabry-Periot cavities.

The effect of the filling factor of the dielectric and
metal on the transmittance of the MPC is displayed in
Figure 9, the figure shows, when the metal filling factor
(M.F) is doubled to be 0.096 keeping the lattice constant
without change, the low energy edge of the first trans-
mission band move to shorter wavelength without mov-
ing the high energy edge causing shrinking the first trans-
mission band width and increasing the plasmonic band

ET AL 109

gap width. Moreover, the width of the structural band
gap increases and the transmittance of the Ag-PC de-
creases. This behaviour of the MPC can be understood if
we regarded the MPC as composite structure which can
be described by the effective plasma frequency. The ef-
fective plasma frequency proportional to the metallic
plasma frequency times the square root of the metal fill-
ing factor [28]. So with increasing the metal filling factor
the effective plasma frequency increases and the trans-
parent region (transmission band) shift to shorter wave-
length. The incidence angle effect on the transmission
spectra of the MPC for S- and P- polarized is dis-
played in the Figures 10, and 11, respectively. For S-
and P- polarized waves, an increase in the incidence
angle cause a shift in the structural band gaps and the
first transmission band to shorter wavelengths. However,
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Figure 9. Calculated transmission spectra of two MPCs composed of Cryolite/Silver with periods =10, # =0°, A =210 nm and

different in the Silver filling factor.
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Figure 10. Calculated transmission spectra of MPC of TE waves, where the MPC composed of Cryolite/Silver with d; = 200

nm, d, =10 nm, and periods = 10.
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Figure 11. Calculated transmission spectra of MPC of TM waves, where the MPC composed of Cryolite/Silver with d; = 200

nm, d, = 10 nm, and periods = 10.
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the Spolarized wave has shown blue shift larger than the
P-polarized wave. In addition, the low energy edge of the
first transmission band for S-polarized wave shifts from
970 to 770 nm nearly 200 nm with the angle change from
10° to 60°. But for P-polarized wave the shift is nearly 50
nm. This behaviour can be understood if we regarded the
MPC as a system of several Fabry-Perot cavities coupled.
Each metal/dielectric/metal structure in the MPC acts as
a Fabry-Perot Cavity and the finite thickness of metal
layers makes the cavity modes overlaps. Away from the
normal incidence, Fabry-Perot modes satisfy the condi-
tion [29];

(27”} nyd cos6, +Jgp =M, form=1,2,3,...(4)

where 6, is the angle of propagation inside a dielectric
layer, and &5, is the induced phase shift by the reflec-
tion at the dielectric metallic interface for S and P-po-
larized waves and given by [29];

2 2
Ssp =cos™ [ Mo~ J (%)

2 2
ng +n

where N 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 S- and
P-polarized waves occur at different frequencies. Away
from the normal incidence, the refractive index of the
metal layers can be regarded as n cos(6,,) and

n,/cos(6,) for S and P-polarized waves, respectively.
So the effective refractive index for the S-polarized
waves is smaller than that for P-polarized waves. Ac-
cording to Equation (5), o, is smaller than J,, and
according to Equation (4), 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 Spolarized wave than for P-polarized wave with in-
creasing the angle of incidence.

In order to study the effect of the Plasmon frequency
and the damping coefficient of metals on the transmit-
tance of the MPC (Figures 12 and 13), we have designed
MPCs composed of different metals (silver, gold, and
Aluminium). The magnitudes of Plasmon frequencies
and damping coefficients are 2175/4.35 THz (Ag),
2175/6.5 THz (Au), and 3750/19.4 THz (Al). In Figure
12, the transmission spectra of the Cryolite/Ag- and
Cryolite/Au-PCs are displayed. The resonance transmis-
sion peaks of the AU-PC occurs at the same wave-
lengths of the Ag-PC. The plasmonic and the structure
band gaps coincide, and have the same width, this due to
Ag and Au have the same Plasmon frequency. We can
see in Figure 12, Ag-PC has higher resonance transmis-
sion peaks than Au-PC, this due to Ag has lower damp-
ing coefficient. In Figure 13, the transmittance of the
Al-PC is compared to the Ag-PC. The transmittance of
the Al-PC is very small compared to the Ag- or Au-PC
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Figure 12. Calculated transmission spectra of Cryolite/Silver and Cryolite/Gold PCs with d; = 200 nm, d, = 10 nm, periods =

10, and 6=0°.
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Figure 13. Calculated transmission spectra of Cryolite/Silver and Cryolite/Aluminium PCs with d; = 200 nm, d, =10 nm, pe-

riods =10, and 0 = 0°.
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this due to the Al has very large damping coefficient. The
resonance transmission peaks of the Al-PC occur at shor-
ter wavelengths this because Al has larger value of Plas-
mon frequency. Figure 13 shows the AI-PC has wider
structural and plasmonic band gaps.

The ID-MPCs can work as mirrors better than the
DPCs because it needs fewer numbers of periods to give
high reflectance gap. Plasmonic gap of the MPC block
the longest wavelengths (microwaves and radiofrequency)
and this candidate it to work as radiofrequency shield,
microwave ovens doors. It also can work as UV protec-
tive.

3. Conclusion

We have designed one dimensional-dielectric and -meta-
llic Photonic crystals showing the difference in the trans-
mission spectra of both. The MPC has both structural and
bulk metal band gaps, but the DPC has only Structural
band gaps that produce from EM waves interferences.
The spectra of dielectric photonic crystal begins with
transmission band at lower frequencies, on contrary to
the metallic photonic crystal that begins with stop band.
The first band gap of the DPC and the first transmission
band of the MPC occur at Bragg condition. The reso-
nance transmission peaks of the MPC and the DPC are
comparable to the number of periods. In the DPC the
P-Polarized waves is more sensitive to the incident angle
than the S-Polarized waves, but in the MPC the matter is
turned out to be reversed. MPCs of larger damping coef-
ficient metal have lower transmittance, and MPCs of
larger Plasmon frequency metal have resonance trans-
mission peaks at shorter wavelengths. Increase the metal
filling factor of the MPC do as the Plasmon frequency of
the metal increase.
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