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In this paper, we investigate the variation of band gap width in a ternary 1D photonic crystal with a left-
-handed layer versus variation of thicknesses and refractive index of second layers. We study these variations in
two states, normal and oblique incidents for both TE and TM polarizations. We observe that the variations of
band gap width versus thickness of layers are sensitive to the refractive index of second layers. For oblique incident
both of variations are shifted towards the large/small frequencies by increasing the incident angles in TE/TM

polarization, respectively.
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1. Introduction

Photonic crystals (PCs) are structures with modu-
lation of the refractive index and they have received
much attention for their interest applications [1, 2]. PCs
have many interesting applications such as omnidirec-
tional reflector [3], filters, optical switches, light-emitting
diodes [4], fibers [5], waveguides [6] etc. When the
light wave is incident on PCs, they face with number
of dielectric layers with different dielectric constants [7].
These differences between each two adjacent layers cause
reflectance and transmittance from their interface and
the interface between the reflected and transmitted light
wave appears in form of photonic band gaps. These band
gaps are in the range of frequency that the electromag-
netic waves cannot propagate in them [8, 9].

Left-handed materials (LHM) are artificial structures
with simultaneously negative permittivity € and negative
permeability 1 [10-12]. When an electromagnetic wave
propagates through these structures, the direction of the
Poynting vector is opposite to the wave vector k [9]. Here
we study the variation of a ternary 1D PC with a left-
-handed layer versus the thicknesses and refractive index
of layers in normal and oblique incidents.

2. Theory

Consider a monochromatic wave incident on a ternary
1D PC as we have shown in Fig. 1. Each unit cell consists
of 3 layers ny > 0, ny < 0, and n3 > 0. Assume that
x—z is the incident plane and z is the periodic axis, so
the refractive index in the unit cells varies as follows:

ny, 0<z<d,
n(z) =4 n2, di <z<dy, (2.1)
ng, do<z< A.
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Here n;, i = 1,2, 3 are the refractive indices, d; is the
thickness of each layer and A = dy + ds + d3 is the period
of structure.
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Fig. 1. The structure of a ternary 1D photonic crystal
with a left-handed layer.

The electric field in each layer of unit cell can be writ-
ten as

Ely _ Aleiklz 4 Ble—ik,lz7

E?y _ Cleikz(z—Lh) 4 Dle_ikZ(Z_dl),

By, = BpeiksG=(di+d) 4 po=ikaG—(ditd))  (.9)
In these relations Ay, Cy, and F; are the amplitudes of
the incident wave and By, D1, and F} are the amplitudes
of the reflective wave in first, second, and third layer, re-

spectively.
N2 1/2
ki: |:(nlw) _612:| ) i:17273a
C
Bi = % sin 91‘
C

is the wave number along z axis. n; = \/gu; @ = 1,3
are refractive indices of first and third layers and ny =
— /€212 is refractive index of the second layer. ¢; and
w; are the permittivity and permeability of each layer,
respectively. Using the continuity conditions, we can ob-
tain the transfer matrix of each layer of unit cell as [9]:


http://dx.doi.org/10.12693/APhysPolA.125.36
mailto:agharaati@pnu.ac.ir

Investigation of Band Gap Width ... 37

1 1 Nel®i (1 =68 e 1wi
ay= 2| BFoem (Lm0)em® sy a3,
2 (1+(5j)e“PJ (1—6j)e 16j
(2.3)
where §; = Z;Zf, 0y = 22527 and d3 = Zi”ﬁ; for TE polar-

ization. For TM polarization these relations are as the
same but we just replace € with u. ¢; = k;d; is the phase
of each medium.

The transfer matrix of unit cell is given by [13]:

My = Ms My M. (2.4)
If all unit cells were identical and by assuming the sys-
tem is lossless, the total transfer matrix is

M= MY. (2.5)
Using the Bloch theorem [8, 14] and transfer matrix
we can obtain the dispersion relation as

k(w) = %arccos <;(M0(1, 1)+ My(2, 2))) . (2.6)

Regimes in which |(1/2)(Mo(1,1) + My(2,2))] < 1,
are related to the propagating Bloch waves, when
[(1/2)(Mo(1,1) + Mp(2,2))| > 1, k is imaginary so that
the Bloch wave is evanescent. These are forbidden bands.
Therefore, the band edges are obtained by solving the
equation |(1/2)(My(1,1) + My(2,2))| = 1. For solving
this equation, we should obtain the roots of right hand
side of the equation with the line y = 1 and then getting
the difference of two consecutive roots.

3. Variation of BGW by changing the thickness
of layers

In this section, we plot the variation of the first and sec-
ond BGW by changing the thickness of second and third
layer at different refractive index of second layer [15]. The
wall between these layers are moved such that ds + ds =
const (Fig. 2).
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Fig. 2. The variation of thickness of the second and
third layers in a ternary 1D PC with left-handed layer.

Figure 3 shows these variations for the first and second
BGW structure with n; = 1, ng = 3.5, u3 = pus = 1,
e = —1,dy =1 um, ds + d3 = 1 yum. The number of
unit cells are N = 10 and 0y = 0. In all cases the BGWs
are normalized to the Bragg frequency, vg = (¢/n)/24, in
which i = (nydy+naeda+nsds)/ A is the average refractive
index of PC.

As we observe from Fig. 3, these variations are sensitive
to the refractive index of second layer and by changing
its own magnitude they are shifted towards the larger
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Fig. 3. The variation of (a) the first, (b) the second

BGW versus the thickness of the second layer at differ-
ent refractive index for the structure with left-handed
layer.

BGWs. In addition, variations trends of all mentioned
refractive indices are the same except for ny, = —2.

4. Variations of BGW by changing the refractive
index of left-handed layer

In this section, we consider the structure with charac-
teristicsof ny = 1, no = —2to —3, n3 = 3.5, uy = puz =1,
ue = —1, 0y =0 and N = 10. Then, we plot the varia-
tion of first and second BGW versus the refractive index
of second layer in Fig. 4.
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Fig. 4. Variation of (a) the first, (b) the second band

gap in the structure with left-handed layer for different
thickness of layers.

From Fig. 4, we conclude that the variations of BGW
with different thickness of layers are completely compat-
ible and overlap on each other.

5. Variations of BGW by changing the refractive
index of second layer at different incident angles

We show the variation of BGW for the structure with
nlzl,nngQto—S,,ul:,ugzl,,ugz—l,dlz
de = d3 = 1.6 yum, N = 10 and for incident angles 0,
30, 45, 60, and 70 degrees for TE polarization in Fig. 5a
and TM polarization in Fig. 5b. As shown in Fig. 5a,
the BGWs are shifted towards large magnitudes as the
incident angles are increased. These variations are more
sensitive around more negative refractive indices. For
Fig. 5b these variations are more complex but the trend
of them is getting decreased as the angle of the incidence
is increased.
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Fig. 5. Variation of the first BGW versus refractive in-
dex of second layer at different incident angles: (a) TE
polarization, (b) TM polarization.

6. Variations of BGW by changing
the thickness of second and third layer
in different incident angles

In this part, we consider a PC with n; = 1, ng = -2,
ny =35 u =pu3 =1, uo = -5 dy =1 pm, dp +d3z =
1 pm and N = 10. Then, we plot the variation of BGW
for this structure under the different incident angles at
TE and TM polarizations in Fig. 6.

e —— == theta=0
-~ —_— b

R4 ‘\\ (a) — theta=0 ( ) ss@ e theta=30
N CLL] I:em:i: =0 theta=45
= = theta=

1
0O 01 02 03 04 05 06 07 08 09 ‘Oo 01 02 03 04 05 06 07 08 09 1
d2(um) d2(m)

Fig. 6. Variation of first band gap in a ternary PC with
a left-handed layer versus thickness of second layer at
different incident angles: (a) TE, (b) TM polarizations.

As shown in Fig. 6a, all the diagrams have a maximum
that goes up as the incident angle is increased and all
of them have approximately the same trend. For TM
polarization, the variation trend is different for § = 0 but
it is the same for other angles. In this case the maximum
of the diagrams goes up as the angle is increased as well.

7. Conclusion

By using the transfer matrix method, we could obtain
the variation of the BGW versus refractive index and
thicknesses of layers. We studied these variations in two
states, normal and oblique incidents. According to our
observation, these variations are sensitive to the refrac-
tive index of second layer and they are shifted towards the
larger BGWs as refractive index of second layer changed.
In addition, variations trends of all mentioned refractive
indices are the same except for no = —2, while these

variations versus the refractive index of second layer are
completely compatible and overlap on each other at dif-
ferent thicknesses. For the oblique incident in the case of
TE polarization, the variations versus the refractive in-
dex of second layer of the BGWs are shifted towards large
magnitudes as the incident angles are increased. These
variations are sensitive around more negative refractive
indices. For TM polarization the variations versus re-
fractive index are more complex but the trend of them is
getting decreased as the incident angles increased. When
we plot the variations of BGW versus the different thick-
ness of second layer we noticed that all the diagrams have
a maximum that goes up as the incident angle increased.
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