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Periodic Structure Containing Lossy Metamaterial and Defect Mode
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Abstract: We theoretically investigate the properties of defect mode in one-dimensional lossy metamaterial photonic
crystal doped with single-negative materials photonic-quantum-well (PQW). We examine the defect mode as a function
of the type of negative index materials (NIMs) and the number of the unit cells of four different defected structures. The
results obtained that the parameters; frequency, height, and the number defect modes can be tuned by varying the type
of NIM in defect layers, PQW structure, and the unit cells as well in the defected structure. The defect modest end to
show a shift in the frequency based on the particular type of NIM and the number of the unit cells. The results can lead to
possible information for designing new types of narrow tunable filters at microwave frequency.

Keywords: Metamaterials, Defect mode, Photonic crystals, Negative index, Photonic-quantum-well.

1. INTRODUCTION

The concept of photonic crystals (PCs) was
obtained first by Yablonovitch [1] and John [2]. They
recognized that the propagation of electromagnetic
waves could be controlled by using periodic modulation
of dielectric media. The most fundamental optical
property of a PC is the existence of photonic band gaps
(PBGs), a particular frequency band in which the
electromagnetic field is not able to propagate. In 1968,
Veselago [3] predicted the negative-index material
(NIM) with a permittivity and permeability simultane-
ously turns to a negative value. This material is also
known as double-negative (DNG) material that is an
artificial composite, contrary to the usual double-
positive (DPS) material. According to the causality
principle along with the Kramers-Kronig relations, NIMs
are dispersive and lossy [4], and the presence of loss
or dissipation influences the wave features [5-7].
According to an experimental viewpoint, DNG materials
are obtained by making use of two types of single-
negative (SNG) materials [8, 9]. In SNG materials
either the material parameters or is negative. SNG
materials with negative and positive are called epsilon-
negative (ENG) materials, while materials with negative
and positive are mu-negative (MNG) material. In recent
years, metamaterial photonic crystals (MetaPCs) have
been of great interest to the community for their
particular properties. A wide range of research groups
have focused on the unique features of PCs and
MetaPCs scientific and engineering applications
[10-23].
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A defected crystal would be generated by breaking
the periodicity of the conventional PC structure. This
behavior can be performed by changing the thickness
of one layer, inserting a defect layer into the structure,
or removing a layer from the PC. In the defected
structure, localized defect modes within the PBG would
be generated owing to change the interference
behavior of waves at interfaces. Such phenomenon
resembles the existence of defect states in the
forbidden band of doped semiconductors. A usual PC
of (CD)" can insert into a host PC of (AB)" rather than
a defect layer being added to the defected PC.
Therefore, the structure will be (AB)N/2 (CD)M (AB)N/Q,
where N and M are the stack numbers of the (AB) and
(CD) bilayers, respectively. In such case, the defected
structure of (CD)M will be called the photonic-quantum-
well (PQW) [24-26]. If one of the pass bands of PQW
can be designed to overlap completely with one of the
PBGs of the defected PC of (AB)". The structure
(AB)N/2 (CD)M (AB)N/2 (with M <N) can present multiple
filtering feature due to the photonic confinement,
contributing to a perception of a multichannel filter [24].
Moreover, the number of channels that can consider as
the basis of the number of peaks in the transmission
spectra is equal to the stack number of PQW. Based
on these observations, some multichannel narrowband
transmission filters have so far been theoretically
investigated in this regard [24-28], and some
experimental studies applying the PQW have been
conducted [29-30]. The multichannel filters help us to
compose the dense wavelength division multiplexing
filter in the different application. Despite the fact that
there have been many reports on filters based on the
basis of PQW [24-28], few studies examine tunable
multichannel transmission filters.
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The main purpose of this paper is to conduct a
theoretical investigation of the effects of the number of
unit cells of PQW on the properties of defect modes for
two different types of NIM defect layers. The 1D
defected PC composed of DNG and DPS material
layers with SNG materials PQW as a defect layer
locate at the center of the structure. To achieve this
goal, we will consider four different types of PQW
defect. The first defected structure (Figure 1(a))
containing a PQW defect is arranged as follow
air{(AB)"? (ENG-DPS)" (AB)M*/air, where the PQW is
(ENG-DPS)". The second one (Figure 1(a)) with PQW
as a defect layer assume as air/{(AB)""? (MNG-DPS)"
(AB)M3/air, where the PQW defect is (MNG-DPS)Y.
The third structure (Figure 1(a)) denoted as air/{(AB)""
(MNG-ENG)Y  (AB)Y%/air, and the last one is
air{(AB)? (MNG-DPS-ENG-DPS)"” (AB)M%/air as
shown in Figure 1(b). The layers A and B are assumed
to be DNG and DPS materials, respectively. N and M
are the stack numbers of the (AB) and PQW structure,
respectively. In the following calculations, we will apply
the transmittance spectra to survey the properties of
defect modes for both types of NIM defect layers in the
last proposed four structures. The related transmittance
spectra will achieve through the transfer matrix method
(TMM) [31]. The outline of the paper arranged as
follows. We introduce in section 2 the theoretical
analysis of TMM and the description of permittivity and
permeability of the two types of NIMs. Section 3

associated with our purpose, and Section 4 describes
the conclusions of the investigation.

2. THEORETICAL FRAMEWORK

According to the TMM, the total transfer matrix for
the whole system is obtained from the following
equation [31],
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The above equation is considered for N-layers with
a starting (input) medium 0 and a layer (output) behind
the structureS. The propagating matrix P in layer j with
a thickness L, is written as

()

Whenan electromagnetic wave propagates along
the +x direction in a medium, the corresponding wave
number would be determined from

equation k}.xzw/cn/. cosf where n, 6,0 and c are

the refractive index, angle of incidence, the wave
frequency, and the speed of wave in free space,
respectively. According to Eq. (1), there is also a
dynamical matrix for each layer in the multilayer system
and can be expressed for the TE wave as follow,

reveals the numerical results and discussions
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Figure 1: Schematic diagrams of 1D defected Meta PCs embedded in air, where layers A and B are DNG metamaterial and
DPS material, respectively; (a) the first, second, and third structures with binary PQW defect, (b) the fourth PQW defected
structure. N and M are respectively the numbers of the lattice period of the host PCs and PQW structure, and the incident angle

is 90.
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the transmission coefficient t for a multilayer system is
given by tzl/m ,where m,,is an element of the total
transfer matrix;'1 consequently, the transmittance is
calculated from relation,
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Our research is on the basis of two different types of
NIMs. The following equations determine the complex
permittivity and permeability of type-lI NIM layer with
negative refracting index in the microwave region [11,
32],
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Various aspects of the real parts of the permittivity
and permeability, ¢/ and u’, versus frequency have

been discussed in more details and can be found in the
previous reports [32-37]. In addition, the complex
permittivity and the permeability will be determined
within the framework of the Drude model for type-Il NIM
layer [38], namely
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In the above-mentioned equations, f is the

frequency given in GHz, andy,,y,, are the electric

and magnetic damping frequencies, respectively, (also
it called the electric and magnetic loss factors) which
are also measured in GHz. In Figure 2, the change

ing” and p’ as a function of frequency is illustrated for
both type-l and type-Il NIMs (when y =y =2x10"

GHz). As observed from the figure, the real parts of
both the permittivity and permeability of type-I NIM are
simultaneously  negative forl.5< f<3.13 GHz.

Moreover, as shown in Figure 2, in type-ll NIM, both &’

and u’ are also negative for 1.5< f <3.13GHz. To

conduct our investigations, we consider this range of
frequencyin order to observe the zero-n gap [11, 32].
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Figure2: Real parts of permittivity and permeability of two
different types of NIMs, e, and ', Versus frequency when 7,

and y are keptaty =y =2x10° GHz.

3. NUMERICAL RESULTS AND DISCUSSION

The transmission spectrum of the lossy defected PC
with an SNG met amaterial PQW defect at the center is
calculated based on the theoretical model described in
the previous section. Equations (6) and (7) are used for
the permittivity and permeability of DNG layer (layer A).
DPS layer (layer B) is assumed to be the vacuum layer
with n, =1. In addition, for the PQW structure, the
permittivity of ENG layer is considered as Eq. (6) for
type-l NIM and Eq. (8) for type-ll NIM while the
permeability is taken asu=1 (layer C). For layer D;
MNG layer, Egs. (7) and (9) are selected for the
permeability of type-I and type-1l NIMs and we assume
that the permittivity is € =1. Moreover, the thicknesses
of layers A, B, C and D are taken to bed, = 6 mm and
dp=d.=d,=12mm, respectively. In addition, the
total number of the lattice period is selected to be

N =16 [32]. We consider the case of normal incidence
for the propagating waves in the four structures.

As mentioned before, we consider a 1D lossy
defected MetaPC structure composed of four different
types of PQW defect at the center of the host structure
when it contains both type-I and type-Il NIMs. Then, we
will study the effects of the number of the unit cells of
PQW (which corresponds to the central defect
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structure) on the defect modes that appear in the
transmission spectra. In the first structure, Figure 1(a),
we consider the PQW defect as (ENG-DPS)Y. In Figure
3, we can observe the changes in the defect mode
features and transmission spectra as a function of
frequency for various values of M for both type-l and
type-ll NIMs. We have clearly observed that, for the
case of the structure contains type-I NIMs, a single
defect mode appears in the photonic band gap. The
height of such defect mode decreases and the defect
mode is blue-shifted as M increases. In the case of
type-ll NIMs, a single defect mode emerges in the
photonic band gap with increasing the value of M.
Moreover, the associated defect mode behaves
differently for odd and even values of M. However, the
characteristics of the defect mode corresponding to
odd numbers bear the resemblance to the even ones.
For instance, when M is taken to be an odd number, as
the value of M increases, the height of the appearing
defect mode increases and starts to be red-shifted.
Consequently, such behavior is also observed for even
values of M while the position and feature of the
appearing defect mode are completely different. In the
other words, in the even case, the defect mode
appears at a higher frequency compared with the odd
one.

Also, for the second structure, Figure 1(a), we
consider our defected PQW as (MNG-DPS)M. In Figure

4, the transmission spectra as a function of frequency
are plotted for various values of M for both type-l and
type-1l NIMs. In type-I NIM structure, with a rise in the
value of M, there appears a single defect mode whose
height decreases and shows a blue-shift. Furthermore,
with an increase in the value of M, the rate of the total
transmission slightly decreases. For the case of that
structure contains type-Il NIMs, a single defect mode is
developed in the photonic band gap that behaves
differently for odd and even values of M. As the value
of M increases, the height of the defect mode increases
for odd numbers of M while the height of the defect
mode decreases for even numbers. Also, when M
increases, a red-shift slightly occurs for both odd and
even cases. Moreover, similar to the first structure, for
the even values, the defect mode appears at a higher
frequency close to the right band edge.

To be continued in this study, we consider the third
defected structure has (MNG-ENG)M as a PQW defect
at the center of the host crystal, Figure 1(a). Figure 5
demonstrates the changes in the defect modes and
transmission spectra as a function of frequency for
various values of M for both types of NIMs. As shown
in the figure, when the structure contains type-I NIMs,
the number of defect modes increases as M increases
and the height of each defect mode slightly decreases.
Moreover, each appearing defect mode is red-shifted
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Figure 3: The transmission spectra as a function of incidence frequency for a 1D defective MetaPC structure when the PQW
defect is (ENG-DPS)M, for both type-l (blue dotted line) and type-Il NIMs (red solid line) under various values of M.



30 International Journal of Advanced Applied Physics Research, 2016, Vol. 3, No. 2

Aghajamali et al.

1.0

1.0 T

M=0 M=1
8 o0s 0.8
o)
= [
= o6} 06¢
= :
£ 04t 04
s
= 02 l
0.0 0.0
1.5 2.0 25 3.0 3 25
° M=3
=]
E
£
E
w
o
=
|_
25
1.0 10 \ T
o M=4 M=5
S osf 08}
=]
=2
= 06 0.6
£
£ 04}
g i
= o0af i J

0.0k
15

Frequency-[GHz]

2.0 235

Frequency-[GHz]

Figure 4: The transm|SS|on spectra as a function of incidence frequency for a 1D defective MetaPC structure when the PQW

defect is (MNG- DPS) for both type-I (blue dotted line) and type-Il NIMs (red solid line) under various values of M.
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Figure 5: The transm|SS|on spectra as a function of incidence frequency for a 1D defective MetaPC structure when the PQW

defect is (MNG- ENG) for both type-I (blue dotted line) and type-Il NIMs (red solid line) under various values of M.

as a function of M. In the case of type-ll NIMs, no
defect modes exist in the photonic band gap and the
rate of transmission spectra decreases sharply till the

transmittance abruptly reaches zero as the value of M
increases.
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Figure 6.The transmission spectra as a function of incidence frequency for a 1D defective MetaPC structure when the PQW
defect is (MNG-DPS-ENG-DPS)M, for both type-I (blue dotted line) and type-Il NIMs (red solid line) under various values of M.

The last defected structure, Figure 1(b), contains
(MNG-DPS-ENG-DPS)" as a PQW defect at the center
of the host crystal. In Figure 6, we examine the role
played by various values of M in the transmission
spectra as a function of frequency for both types of
NIMs. We can see that, if the structure composed of
type-lI NIMs, a single defect mode developed within the
photonic band gap by increasing M. The height of the
related single defect mode decreases and appears to
be blue-shifted as M increases. In addition, it is
noteworthy that as the associated defect mode
disappears, a new defect mode with similar behaviors
and characteristics will be developed. For the case of
type-Il NIMs, analogous to the previous results
mentioned in Figure 5, no defect modes appeared in
the photonic band gap and the rate of transmission
spectra dramatically decreases till it suddenly reaches
zero value. This behavior is mainly because the fact
that the difference in the dispersion relations in £ and
U for these two types of NIM. The type-l is a Lorentz
form whereas it is a Drude type for the type-II.

Based on the results mentioned above, we find that
the defect mode of such MetaPCs contain PQW defect
is very sensitive to the types of NIMs and the number
of the PQW unit cell. Also, it is strongly dependent on

the considered defected structure. Based on these
detailed analyses, we can present constructive
information that can contribute to design new types of
narrowband and multichannel transmission filters.

4. CONCLUSION

In this paper, we have theoretically studied the
properties of four different 1D defective MetaPCs
structure containing PQW defect. The numerical results
of our study illustrate the variation of the PQW defect
layer, the type of the NIMs, and the number of the unit
cells of PQW structure can strongly change the
properties and the number of the defect modes. For
instance, these associated efficient factors could
determine whether the defect modes should appear or
disappear. Also, they have great effect son the defect
modes height and position through the frequency
range. In the first and second structures, in the case of
type-l NIM, by increasing M, the height of the defect
mode decreases and shows a blue-shift. However,
type-1l NIM case shows opposite trends, and the defect
mode behaves differently for odd and even values of
M. For the third and fourth structures, in the case of
type-1 NIM, the height and number of the defect mode
increases and shifts to a higher frequency; on the other
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hand, in the type-ll NIM case, the transmission spectra,
and following that, the defect modes dramatically
decrease till the transmittance seems to fall toward
zero. The output information and results obtained from
the properties of the produced defect modes arising
from such defective PC with PQW defect would be
beneficial in designing new types of tunable narrow
microwave filter which are able to be applied in optical
communications.
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