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Abstract: In this work, we demonstrate via numerical simulation the general design for one dimensional photonic crystal (1D-
PC). In the design procedure, the transfer matrix method and Bloch theorem are used to determine the transmission coefficient
and dispersion relation of (1D- PC) structure for both TE (transverse electric) and TM (transverse magnetic) modes. Results
obtained showing the effect of the filling factor as well as the incident angle on the photonic band gap width. The analysis is
carried out using MATLAB software tool. The accuracy of the analysis is tested by comparing the computed results with

measurements published data.
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1. Introduction

Photonic crystals (PCs) structures have attracted increasing
interest in recent years [1-5]. Various materials and techniques
have been employed in order to obtain one, two, and three
dimensional photonic crystals [6-9]. These structures designed
to control the propagation of electromagnetic waves in the
same way as the periodic potential in semiconductor crystals
[10-12]. Particularly, one dimensional photonic crystals have
been known for several decades as Bragg mirror. Interference
of the Bragg scattering is considered as a cause of the Bragg
gap or band gap. The periodicity creates the band gaps depend
on some parameters, as the dielectric contrast between the
employed materials, and the filling factor of the elementary
cell [13].

One dimensional photonic crystal (1D- PC) structures have
anumber of useful properties, which are employed as low-loss
optical waveguides, dielectric reflecting mirrors, optical
switches, optical limiters, optical filters etc. It has been
demonstrated  experimentally and theoretically that
one-dimensional PBG have complete omnidirectional PBGs.
Various materials have been employed in order to obtain one
photonic crystals (1D) as: Si/SiO,, SiO,/TiO,, Na;AlF¢/ZnSe,
NazAlF¢/Ge [5, 14-18]. Silicon has been the choice for
microelectronics technology because of various reasons such
as its cost, compatible with mass production and availability.
For this reason, we are study the transmission coefficient and

dispersion curves of (1D- PC) structures composed of Si/SiO,.

Nowadays, the numerical modeling of photonics crystals is
based on the calculation of the transmission, the reflection
coefficients properties [19-23]. These methods including the
plane wave expansion (PWE) method, the generalized Rayleigh
identity method, the finite-difference time-domain (FDTD)
method, and the transfer matrix method (TMM). Each method
has its own limitations for finding the band structure. The
transfer matrix method is most popular because of its simplicity
in algorithm and capability to model complex structures. It is
recently introduced by Pendry and MacKinnon, to calculate the
EM transmission through the PBG materials [24].

In this paper, we combine the transfer matrix method
(TMM) to the Block theorem in order to find the
characteristics of transmission spectra and diagrams of
dispersion of one dimensional photonic crystal (1D- PC).
Several simulation cases by Matlab will be given to show the
performance of this approach. The results obtained from this
approach are in very good agreement with reported by the
practical study of H. Tian et al. [14].

2. Theory
2.1. Study of Transmissions in the (1D- PC) Structure

Let us consider first the (1D-PC) structure consisting of
alternating multilayer shown in Fig. 1, there are N layer or
(N/2) period made up of dielectric materials. Every layer has
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to be d; thicknesses, and index n;. In order to find the
formulation of the structure, we supposed that the incident
electromagnetic wave from air to Si and SiO, medium.

Let the layers be in the x-y plane, the z direction being
normal to interface of layers.

Incident wave Reflected wave

81 8.

. g - —— o ——

Fig. 1. Structure of one-dimensional photonic crystal.
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The refractive index profile of considered structure can be
given as

S 0
and
g§(2) =gz +d) 2
where

1: is number of layer

d = d; + d,: is period

Based on the Maxwell equations and the boundary
conditions, the TMM has been widely used to calculate the
amplitude and phase spectra of the light wave propagating in a
(1D- PC) structure. We will suppose that a space time

dependence of all the components of the kind ! (k.7-a) The

transverse components of the E and H fields from Maxwell’s
equations in the Ith layer, for TM polarization, are given by:

Hly — Alei(wt—kl(zl.cos 61+X.sin 6))) + Blei(wHkl(Zl.cos01+Xl.sin91))) (3)

E;, =n,cosb, (4e

i(wt—kj(Z;.cos 0;+X;.sin 67)) __ Blei(wt+kl(zl.cos 6;+X;.sin 91))) (4)

Elz = —n, cos 91 (Alei(wt—kl(zl.cos 01+X;.sin 6))) + Blei(wt+kl(zl.cos 61+X;.sin 91))) (5)

Where A; and B, are the amplitudes of the forward and
backward travelling waves in the Ith layer.
The transverse components of the E and H fields from

Maxwell’s equations in the 1™ layer, for TE polarization, are
given by:

Ely — Alei(wt—kl(zl.cos 01+X,.sin 6) + Blei(wHkl(Z,.cos 01+X,.sin 67)) ) (6)
— m i(wt—kj(Z,.cos 0;+X,.sin 6})) i(wt+ki(Z,.cos 0;+X,.5in 07))
H. =— Ae 1z X D) — Be 1z X l
Lx cos 0 ( L l ) (7)
__m i(wt—ky(Z,.cos 0;+X,.sin 6})) i(wt+kq(Z.cos 0,+X,.sin 6)))
=M _(4,elwt=ki(z X l Be 1(Z; i+Xi i
iz = oea, A + B ) (®)

Where the wave numbers and intrinsic impedances are:

ki = w\/eoho€1ly )

—_k _ [rom
M= =
1€0 €0€]

By using the boundary conditions and the condition of
continuity of E and H fields at the interfaces of z = 0 and
z=d;,d,,ds ......dy, we can found the relationship
between the fields (1D- PC) structure consisting of 1 layer,
this relation is given by:

(10)

H, = M;M; ... .. Mg ....M;_; M, [Hz] (11)

The matrix M, ; of the 1" layer can be written in the form

1y(-1) sin(8(-1))
cos(S(l_l))

c0s(8(-1))

. 1 . 12
1Ya-1) 15111(5(1—1)) (12)

Mg_yy =

8a-1) and yq-1) being the matrix parameters and
depending on the incident angle of light, the optical constants
and the layer thickness, are expressed as:

6([—1) = k(l—l)' d(l—l)' CoS 6(1_1) (13)
D TE mode
) B (14)
N@-1) €0s 0;_1y TM mode

We note that 6(;_yy is related to the angle of incidence 6,
by the Snell’s Descart’s low, that is
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Nq—1ySind_1y = nesinb,

(15)

By considering the transmission matrix of each layer, we
can obtain the transmission matrix of whole structure. For 1
number of multilayers; the corresponding transfer matrix can
be defined as a product of matrices, is obtained to be

myq

ch=1 M, = [m21 m12]

mj;

(16)

Where

mp;, myp,, My; and my, are the complex numbers

The transmittance ¢ and reflectance » are defined as the
ratios of the fluxes of the transmitted and reflected waves,
respectively, to the flux of the incident wave. After some
derivations, the total transmission and reflection coefficients
are given by

_ (my1+p5 myz )pg ' —(ma1+p5  maz)
(m11+p5tmyz )pgt+(may+p5 myy )

a7

_ 2p5"
(m11+p5 maz )pg +(mag+ps tmas)

(18)

Here p, and p, are the first and last medium of the structure
which given as

cos 6,
% TE mode

-1 0
ps = (19)
° cosbs TM mode
NsZo
noczﬂ TE mode
-1 0
po = (20)
5% a1 mode
NoZo
Where
Ho
Zy= |—
0 80

Hence the reflectance R and transmittance T spectrums of
can be obtained by using the expressions:

T =t|? e2))

R =Ir|? (22)

2.2. The Dispersion Relation

In general, wave propagation in periodic media can be
described in terms of Bloch waves. For a determination of the
dispersion surfaces of a periodic crystal, it is necessary only to
integrate the wave-field through a periodic media [6].

According to Bloch theorem, fields in a periodic structure
satisfy the following equations:

E(z+d) = e"*E(2) (23)

The parameter k is called the Bloch wave number or
dispersion relation. In order to determinate k, we can use
relation between the electric field amplitudes of two layers.
From Equation (11), we obtain:

Ei]_ E;
| = e
We can put the product matrix as:
My, Mlz]
M;.M, = 25
1 2 M21 l\/[22 ( )

Tr[M;. M,] is the trace of the transfer matrix characterizing
the wave scattering in a periodic structure, is given by;

Tr[M;.M,] = My, + My, = 2cos (kd)  (26)
Where

My; = cos(8;) * cos(8z) — (v1/v2) sin(8,) sin(8,)
M,, = cos(8;) * cos(8;)—(Y2/v1) sin(8;) sin(8;) (28)

Substituting (27) and (28) into (26), we obtain the following
equation:

27

cos(kd) = cos(8,) * cos(8,) — (%)sin(ag sin(8,) (29)

The quantity cos(kd) determines the band structures of the
(1D- PC) structure. In the region where |cos (kd)| < 1, k
takes a real value and this leads to propagating Bloch waves
(pass band). In the region where |cos (kd)| > 1, the value of
k become complex which consists of an imaginary and a real
part corresponding to the evanescent and propagating Bloch
waves. The band edges are the regions where |cos (kd)| = 1.

3. Numerical Calculation and Discussion

3.1. Transmission Properties Under Different Incident
Angles

In this subsection, we consider only normal incidence of the
electromagnetic wave on the (1D- PC) structure. To check the
correctness of our computer program, numerical results are
compared with those obtained from the real values in the
practical uses [14]. The structure is restructured as (H, L,)™
wheren=1...m, mis chosen as 15. We have kept constant
the dielectric permittivity’s of the layers, are fixed to be ny =
3.7 and n; = 1.5 (Si and the second layer is SiO;). There are
three different values of the thickness of the considered layers
that we will use in our studies, are: (dy = 112.1 nm, d;, =276.4
nm), (dy = 112.1 nm, d, =281.4 nm) and (dy; = 117.1 nm, d =
281.4 nm).

The transmission spectra in figures 2-4 is computed and
plotted with wavelength centered at 2.5 pum taking into
account the different values of the filling ratio (F=dy/d). It
may be seen from these results, that the structure exhibits
various band gaps (or stop band) where the photonic states are
forbidden in the structure, can be seen in the transmission
spectrum. In this study we are considered only the larger band
gap width, is defined as the frequency range when T < 0.01%.
When the thickness of the layer is d = 112.1 nm, and d; =
276.4 nm, the band gap rang is 1294nm to 2321nm. When dy
=112.1 nm and d; =281.4 nm, the band gap rang is 1394nm to
2437nm. When dy = 112.1 nm and d; = 281.4 nm, the band
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gap rang is 1463nm to 2699nm. The photonic band gap is also
same for both the TE and TM modes. So that, we can observe
that the figure 4 has wider band gap than the figures 2-3. Also
we can say that the change in the filling ratio allows us to
obtain a new structure which can have adjustable gap width. It
is found that the agreement between our results and those
obtained via practical uses [14] is very good since the
discrepancies between the two sets of results are below 0.8%.

In this subsection, we consider only normal incidence of the
electromagnetic wave on the (1D- PC) structure. To check the
correctness of our computer program, numerical results are
compared with those obtained from the real values in the
practical uses [14]. The structure is restructured as (H, L,)™
where n=1...m, mis chosen as 15. We have kept constant
the dielectric permittivity’s of the layers, are fixed to be ny =
3.7 and n; = 1.5 (Si and the second layer is SiO;). There are
three different values of the thickness of the considered layers
that we will use in our studies, are: (dy = 112.1 nm, d; =276.4
nm), (dg=112.1 nm, dp =281.4 nm) and (dg=117.1 nm, d; =
281.4 nm).

The transmission spectra in figures 2-4 is computed and
plotted with wavelength centered at 2.5 pum taking into
account the different values of the filling ratio (F=dy/d). It
may be seen from these results, that the structure exhibits
various band gaps (or stop band) where the photonic states are
forbidden in the structure, can be seen in the transmission
spectrum. In this study we are considered only the larger band

gap width, is defined as the frequency range when T < 0.01%.

When the thickness of the layer is dy = 112.1 nm, and d| =
276.4 nm, the band gap rang is 1294nm to 2321nm. When dy
=112.1 nm and d; =281.4 nm, the band gap rang is 1394nm to
2437nm. When dyg = 112.1 nm and d; = 281.4 nm, the band
gap rang is 1463nm to 2699nm. The photonic band gap is also
same for both the TE and TM modes. So that, we can observe
that the figure 4 has wider band gap than the figures 2-3. Also
we can say that the change in the filling ratio allows us to
obtain a new structure which can have adjustable gap width. It
is found that the agreement between our results and those
obtained via practical uses [14] is very good since the
discrepancies between the two sets of results are below 0.8%.
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Fig. 2. Transmission spectra of 1D, ny = 3.7, np = 1.5, dy = 112.1 nm, d;, =
276.4 nm and F=0.288.
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Fig. 3. Transmission spectra of 1D, ny = 3.7, np = 1.5, dy = 112.1 nm, d =
281.4 nm, and F=0.284.
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Fig. 4. Transmission spectra of 1D, ny = 3.7, n, = 1.5,dy =dny=117.1 nm, dy,
= 276.4 nm, and F=0.297.

The angle of the incidence is an important factor in the
enlargement of gap width that is omitted in the previous
studies [1, 4, 5, 14]. In the following, we present the results
obtained of band gap width as functions of incident angle for
two kinds (TE and TM modes). From the Figures 5-7, it is
clearly seen that the band gap width for the TM mode is less
than the TE mode for all the three cases. The band gap width
of the structure compared for the incident angle with that in
case of normal incidence is better, and the band gap width is
more suitable when the angle is important for mode TE. The
gap width of TM mode decreases with the increase of the
angle for all the three cases. In addition, we can see that the
band gap width of both modes (TE or TM) increases with the
increase of filling ratio.
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Fig. 5. Band gap width as functions of incident angle, ny = 3.7, n;, = 1.5, dy =
112.1 nm and d; = 276.4 nm.
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Fig. 6. Band gap width as functions of incident angle, ny = 3.7, n;, = 1.5, dy =
112.1 nm and d; = 281.4 nm.
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Fig. 7. Band gap width as functions of incident angle, ny = 3.7, n, = 1.5, dy =
117.1 nm and d; = 276.4 nm.

3.2. Band Gap Structure of the (1D- PC) Structure

To predict the propagation of an electromagnetic wave in a
(1D- PC) structure, it is necessary to know its dispersion

relation or o(k), where  is the frequency of a wave with
wavenumber k. In order to determine the variation of
dispersion diagram, we computed the normalized frequency
versus the wave vector for transverse electric (TE) and
transverse magnetic (TM) modes. It has been calculated for
the first Brillouin zone by employing the transfer matrix
method and Bloch's theorem.

In figures 8-10, results are presented for the dispersion
diagram of the structure analyzed in fig 1 for normal incidence
for TE (or TM) mode. The band diagram of figure 8 is extends
between the normalized frequencies (0.4344 (A/d) to 0.7713
(A/d)). In figure 9, we have (0.4294 (A/d) to 0.7631 (A/d)). In
figure 10, we have (0.4245 (A/d) to 0.7532 (\/d)).

(W d)/ (257 C)

0EF E

Kdi(2n)

Fig. 8. Photonic band structure of (1D- PC), ny = 3.7, n, = 1.5,dy = 112.1 nm
and d; = 276.4 nm, 0=0°.

)/ (20 C)
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Fig. 9. Photonic band structure of (1D- PC), ny = 3.7, n;, = 1.5,dy = 117.1 nm
and d; = 281.4 nm, 0=0°.

As seen in these figures, a gap is present between the
allowed states which can be easily identified, this corresponds
to the band gap of the structure, and comparison shows that
these gaps occur over the same frequency range as the
transmission stop band. The existence of photonic band gap
appeared when the value of Bloch wave vector becomes
complex. However, the real values of Bloch wavevector k are
corresponding to the pass band and imaginary values are
corresponding to the forbidden band gap.



17 Ouarda Barkat:

W) (2n7C)

06F b

1 1 1 1 Il
45 04 03 02 01 0 01 02 03 04 05
Kdizn

Fig. 10. Photonic band structure of (1D- PC) (1D- PC), ny = 3.7, n, = 1.5,dy
=117.1 nm and d; = 276.4 nm, 0=0°.

3.3. Photonic Gap Map of the (1D- PC) Structure

In this section, we have demonstrated that it is possible to
modify the photonic gap (PBG) of structure by varying the
incident angle and filling factor f. The gap map shown in
Figures 11-13 represent results in terms of frequencies (ﬁ)
(where d is the period constant, C the speed of light and ,f’ t%e
frequency) as function of the filling factor (f =dy/d). The
photonic gap map for the TE or TM mode (normal incidence),
presented in figure 11, the red region indicates the variation
of band gap (PBG), the empty space regions represent the
ranges of transmission. From simulation analysis, we observe
that the increasing of f has the effect of increasing photonic
gap. Also, we found that the first band gap is appear when the
value of f'is greater than 0.001.

In the figures 12-13, the red region indicates the variation
of TE PBG, and the blue region indicates the variation of TM
PBG for oblique incidence (6=20°). It may be seen from the
plot that the forbidden bandwidth varies with the ratio filling
factor (dy/d) of the two modes. As the angle of the incidence
increases the forbidden bandwidth was also found to be
increased and shifted to higher frequency regions
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Fig. 11. Photonic gap map (normalized frequency wa/2nc versus the filling
factor(dw/d) of (1D- PC), ny = 3.7, np = 1.5, d = 388.5nm, 6=0°.
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Fig. 12. Photonic gap map (normalized frequency wa/2mc versus the filling
factor(dw/d) of (1D- PC), ny = 3.7, np = 1.5,d = 388.5nm, Mode TE, 6=20°.
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Fig. 13. Photonic gap map (normalized frequency wa/2mc versus the filling
factor(dw/d) of (1D- PC), ny = 3.7, n, = 1.5,d = 388.5nm, Mode TM, 0=20°.

4. Conclusion

In summary, we have used the transfer matrix method and
Bloch theorem to study one-dimensional photonic crystals.
We have discussed the -calculation of transmissivity,
reflectivity, and dispersion relation for both TE and TM modes
at different incidence angles. Our results show that the PBG
sensitivity depend on many factors, such as the filling factor
and polarization modes. The angle of incidence of the wave is
also another factor which affects the width of band gaps.
Further, theory approach TMM and Bloch theorem can allow
for better characterization of the one-dimensional photonic
crystals with defect.
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