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We present and study theoretically the photonic properties of transmission spectra in one-dimensional binary photonic
crystal with (AB)(BA)" structure com posed of alternate double-negative and single-negative metamaterials. The Bragg band
gap, defect mode, special band gap and special resonance mode of output spectrum are directly related to the layer
thickness, lattice constant, period number, incident angle, as well as material parameters including electric pemittivity and
magnetic pemmeability. In the cases of oblique incidence and TE polarization wave, a special resonance mode is generated in
the special band gap. By changing the incident angle, ranging from 0° to 85°, the defect mode in the Bragg band gap is
moved to higher frequency, and the resonance mode in the special band gap is red -shifted and further splits into multiple

peaks.
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1. Introduction

Photonic crystal (PC) is the prominently artificial
structure that is periodically arranged by the various
dielectric layers [1]. According to the stacking form, the
PC is classified into three types including one-dimensional
[2], two-dimensional [3] and three-dimensional
organizations [4], in which the one-dimensional PC (1D
PC) has been intensively proposed and investigated
because of simple design and operation [5-8].
Conventionally, the materials with different positive
refractive indexes are, respectively, selected as the
stacking layers of 1D PC, in which the reflection waves
arising from the interface between two layers will induce
the strong interference effect under Bragg scattering
condition, resulting in the generation of Bragg band gap.
Additionally, the defect mode in the Bragg band gap is
also achieved by introducing the defect layer that destroys
the periodical array of multilayers structure. Therefore,
based on the optical properties of Bragg band gap and
defect mode, the PC has been extensively used to perform
numerous optical technologies such as filter [9], dispersion
compensation [10], laser [11], slow light [12], phase
retarder [13], optical switching [14], biosensors [15],
omnidirectional reflector [16], resonator [17], harmonic
generation [18], as well as optical beamsplitter [19]. Even
so, the 1 D PCbased technology is seriously limited due to

the very sensitive behavior of widths and central positions
of Bragg band gap and defect mode to the layer thickness,
lattice constant, and incident angle [20]. As a consequence,
some metamaterials such as double-negative material
(DNG) and single-negative material (SNG) that are
employed in PC are proposed and theoretically studied in
detail over the past decade. These types of metamaterials
have obvious distinctions on the basis of the signs of two
material parameters including electric permittivity
(e-epsilon) and magnetic permeability (u-mu) [21-24], i.e.,
double-negative material with simultaneously negative
epsilon and negative mu, epsilon-negative material (ENG)
with negative epsilon, but positive mu, and mu -negative
material (MNG) with negative permeability, but positive
permittivity. So, the SNG material has two types including
ENG and MNG material. In comparison to the
conventional material with positive refractive index the
metamaterials have some unique optical features such as
negative refractive index, imaginary refractive index,
evanescent electromagnetic, reversal Snell's law, and
reversed Doppler effect and reversed Cerenkov radiation
[25, 26]. Although both DNG and SNG materials aren't
found in nature now, they are artificially fabricated, and
successfully utilized in photonic crystal. Hence, some
novel photonic band gaps such as zero-average refractive
index band gap, zero-effective phase band gap,
zero-permittivity band gap, zero-permeability band gap
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which are originated from the essential physical
mechanisms of metamaterials are obtained in the 1D PC
containing metamaterials [27-29], in which the changes of
optical characteristics for generated photonic band gaps
are fully different from the cases of conventional Bragg
band gap caused by the multiple interferences while
varying the layer thickness and incident angle. In reality,
the photonic properties of metamaterials based 1D PC still
need to be further explored and investigated for attaining
some significant results that will promote the PC
containing metamaterials to solve some challenging
technologies that cannot be overcome by the conventional
PC consisting of various dielectric layers with positive
refractive indexes. In this work, we present the 1D PC in
the formof (AB)"(BA)" composites, in which both A and B
layers denote the DNG material and ENG material,
respectively. Although the 1D PC with alternately stacked
DNG and ENG material films have already been presented
in previous report [30], both a special band gap and defect
mode in the Bragg band gap have been analyzed in the
cases of normal incidences and various layer thicknesses.
Using this design setup in this study, it is possible that
more significant results can be found by selecting various
material parameters, i.e., permittivity and permeability,
incident angle, as well as structural parameters including
layer thickness, and lattice constant. Consequently, one
believes that these interesting optical properties in the
presented 1D PC consisting of DNG and ENG material
layers will have some potential applications in various
technologies.

2. Model and theory

Fig. 1 displays the diagram schematic of 1D PC in the
form of (AB)N(BA)" that is composed of alternate
double-negative material (labeled as layer A) and
epsilon-negative material (labeled as layer B). The number
of periodic cell unit (AB and BA) is N. The spatial period
denoted by da+dg is the thickness of a binary unit cell, and
the proposed device is surrounded by air. The thicknesses
of layer A and layer B are da and dg, respectively. Let the
incident plane wave with TE polarization state to be
introduced into the PC, and propagate along the Z
direction. The incident angle that is angle between incident
wave and transmission direction is 6. Obviously, the
joining part between (AB)™ and (BA)V, i.e., both of layers
B, is as the defect layer of total multilayers structure
whose geometrical lengthis extended to 2dg.

N

Fig. 1. Schematic diagram of 1D PC containing
double-negative and epsilon-negative materials

Based on the Drude models and lossless condition,
both electric permittivity ep and magnetic permeability up

parameters in the DNG material are, respectively,
described as
w2
€p = €po — ﬁ @
w2
Hp = Hpo — % )

and eg and g in the ENG material are given by

(1)2
HE = HEo @

Here wep and wpyp with unit of GHz are the electronic
plasma frequency and magnetic plasma frequency,
respectively. @ with GHz unit is the angular frequency of
incident wave. epo, g0, o, and ugo are the constants that
can be fixed at various values to obtain different refractive
indexes in numerical calculation.

In order to obtain the transmission spectra of incident
wave in the presented PC, the transfer matrix method
(TMM) that is an effective tool for analyzing the spectral
properties such as photonic band gaps, and defect modes,
is often used in simulation. Let an optical beam with TE
polarization state be incident from air at an angle 6 onto
the structure. The electric field at two surfaces of any layer
A or B, ie., z and z+d positions, can be related via a
characteristic matrix, expressed as [31]

cos (kﬁd)
R h
qlsin(klid)

- sin(kﬁd) /q,’f

M,(dw) =
n(d ) cos (k')

©)

Here d is the thickness of layer A or B that can be
written as da or dg, again, and superscript h denotes the hy,
layer, as well as the subscript n indicates the A or B layer.
For TE wave, the parameter q and the wave vector k,
corresponding their z component in any layer, are written
as

a4, = Vo Ny 1 — [5in28/ (g, 1y)] (6)
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K. = w/cven Vi1 — [sin?6/ (en 1n)] )

Here the constant c is the light velocity in vacuum.
Accordingly, the characteristic matrix of each unit cell (AB
or BA) in the ji, period can be given by

Mpg =

[ cos(kjd, )

—sin(kid,) /q,{] [ cos(khdy)
q/’; sin(k/’; dA)

= sin(k} ds) /a}
o[ coci ®
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cos(kldy)

Mg, =
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As a consequence, the total characteristics matrix M+
for the PC is written as

M11 M12

M = [ ] =[IMig MZ5 ... Mg MA M3, ... ME,
M21 l\/[22

(10)
Here My, (a, b=1,2) are the matrix elements of total
transmission matrix Mt that will connect the incident end

and the exit end. So, that the power transmittance T(w) of
incident plane wave through the PC can be given by

2cos0

T(w) = 11

(My1+My5)cos8+i(My 5 cosZ 6—My,)

Based on the given transmission matrix method, the
transmission spectra of 1D PC can be analyzed and
discussed by selecting various parameters such as
polarization state, incident angle, period number, layer
thickness, lattice constant, permittivity, as well as
permeability.

3. Results and discussion

In the case of normal incidence, Fig. 2 displays the
output spectrumof a plane wave with TE polarization state
at the end of the presented 1D PC. In calculation, other
material parameters including epo=2, ppo=4, ceo=1, ugo=3.
Both the special band gap and Bragg band gap are
simultaneously exhibited in this illustration, in which the
Bragg band gap is as a result of multiple interferences of
multilayered reflections by the interface between two
adjacent layers, and the special band gap is originated
from the physical interaction of propagating waves and
evanescent waves. In calculation, it is found that, under the

absence of ENG material layer condition, a special band
gap can be also achieved in enough thick DNG material
layer, where the width of special band gap is remarkably
narrower than that shown in Fig. 2. However, the
corresponding results aren’t shown in this plot. On the
basis of the Drude model, both permittivity and
permeability are related to the angular frequency, whose
values will determine the signs of epsilon- and
mu-parameters. So, after the frequency of incident wave is
increased to enough high value, the refractive indexes,
nas=(ep£)*(upg)"? for layer A and B become positive. In
this case, the optical properties of adopted materials are
similar to those of conventional dielectrics with positive
permittivity and permeability under the nonlinear
interaction between incident wave and photonic crystals
with the result that the conventional Bragg band gap is
observed at the output port of 1D PC by selecting the
incident wave with enough high frequency. Contrarily, as
the angular frequency is decreased down to about 1 GHz
in Fig. 2, both epsilon- and mu-parameters become zero or
negative values. The direct result is that a special band gap
is attained in the low frequency region, arising from the
combined optical features of DNG and ENG materials.
Additionally, The jointing location between (AB)N and
(BA)Y, both of two layers B, are considered as a defect
layer for the total PC structure so that a localized defect
mode induced by the resonance frequencies of defect layer
is occurred within the Bragg band gap. In simulation, one
can find that the width of achieved photonic band gaps
have no remarkable change by increasing the period
number from 5 to 50, in which it is very surprising that the
full width of half maximum (FWHM) of defect mode is
quickly compressed from ~0.36 GHzto ~3.8 Hz, as shown
in Fig. 3 (a). On the other hand, the output peak of defect
mode plotted in Fig. 3(b) is always kept at a constant of
100% with the increase of period number. Here, it should
be pointed out that the defect layer with enough long
thickness that destroys the order periodic structure of total
PC has no significant influence on the special band gap
that is independent on the multilayers structure, and
directly related to the thicknesses of metamaterials layers.
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Fig. 2. Transmission spectrum with N=8, and 6 mm
thickness for each layer A and B
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Fig. 4. Transmission spectra with various layer

thicknesses. (a)6 mm, (b)12 mm, and (c)18 mm thickness

for each DNG material layer. (d)6 mm, (¢)12 mm, and
()18 mm thickness for each ENG material layer

By alternately selecting various layer thicknesses for
DNG and ENG material layers, the achieved transmission
spectra are illustrated in Fig. 4. Under a determined 6 mm
thickness for each ENG (DNG) film condition, Fig. 4(a)-(c)
(Fig. 4(d)-(f)) plots the output spectra by selecting the
thickness of DNG (ENG) material layer at 6 mm, 12 mm,
and 18 mm, respectively, and the repetition rate, 2N, of
unit cell is fixed at 16, i.e., N=8, for total PC. By solely
changing the thickness of DNG layer, it can be seen that
the widths of two types of band gaps are simultaneously
compressed, as shown in Fig. 4(a)-(c). As a result of the
increased DNG material layer, the Bragg band gaps and
corresponding defect modes are shifted to lower
frequencies, and the FWHM of defect modes are also
shortened. Here, the Bragg band gap with lowest
frequency is called as the first Bragg band gap whose
central frequency is low compared to other Bragg band
gaps observed in Fig. 4. In contrast, the central position of
special band gap is still fixed at about 1 GHz frequency for
any DNG layer thickness. Nevertheless, in the case of a
determined 6 mm thickness for DNG material layer, the
width of special band gap displayed in Fig. 4(d)-(f) is
remarkably broadened by enlarging the thickness of ENG

material layer to 6 mm, 12 mm, and 18 mm, respectively.
In these illustrations, the evolution trends of Bragg band
gap and its defect mode are similar to those of Fig. 4(a)-(c),
and the central frequency in the special band gap is still
insensitive to the change of thickness of ENG layer. Hence,
one can conclude that, by synchronously increasing
(reducing) the DNG thickness and reducing (increasing)
the ENG thickness, i.e., enlarging (decreasing) the
thickness ratio of DNG to ENG layers, a narrow (broad)
special band gap can be achieved.
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Fig. 5. Transmission spectra for various lattice constants,
(a) 8 mm, (b) 16 mm, and (c) 24 mm under thickness
ratio of 1 condition

Under a determined thickness ratio of DNG to ENG
layers condition, the output spectra that are shown in Fig.
5(a)-(c) are plotted for 8 mm, 16 mm, and 24 mm lattice
constants. The thickness ratio of layer A to B is fixed at 1,
and other parameters are identical to those in Fig. 4. In this
case, it is seen that the central frequency and width of
special band gap nearly aren’t changed with the increase
of lattice constant that results in the red-shifted Bragg
band gap and defect mode. Additionally, widths of Bragg
band gap and defect mode are remarkably shortened by
enlarging the lattice constant in the case of a determined
thickness ratio. Obviously, the exhibited behaviors are
similar to those of Fig. 4. Here, it should be noted that,
under any fixed thickness ratio condition, the features of
special band gap are insensitive to the change of lattice
constant. In reality, the red-shifted Bragg band gap and
defect mode are attributed to the increase of resonance
wavelength, resulting from the extended layer thickness.
Because of the combined effects of physical mechanisms
in DNG and ENG materials, the special band gap takes on
prominent phenomena by means of scale change.
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Fig. 6. Transmission spectra with various permittivity
and permeability parameters for DNG material. (a)epg=2,
(b) e00=4, (¢) £00=06, (d)itpo=4, (€) 1po=6, and (f) ypo=8
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While parameters of ENG material are selected as
eeo=1, and ugo=3, the changed spectra are displayed in the
cases of various epsilon- and mu-parameters for DNG
material, as can be seen in Fig. 6(a)-(c) with epg=2, 4, 6,
and upo=4, as well as Fig. 6(d)-(f) with upo=4, 6, 8, and
epo=2. As the epsilon value of DNG material is increased
from 2 to 6, the width of special band gap is remarkably
compressed from ~0.7 GHz to ~0.25 GHz. The Bragg
band gap and defect mode are further red-shifted, and the
defect mode in the first Bragg band gap is also shifted into
the adjacent transmission band because of the enhanced
refractive index induced by the increased permittivity
value. Additionally, it is seen that the transmittances of
some defect modes are decreased, and their width becomes
narrower in the case of large permittivity parameter. On
the other hand, the width of special band gap is slightly
broadened from 0.71 GHz to 0.83 GHz as the permeability
of DNG material is orderly switched to 4, 6, 8. In this case,
some Bragg band gaps are compressed or disappeared as a
result of the increase of permeability of DNG material.
Therefore, one can see that the permittivity and
permeability dependent photonic band gaps take on some
different characteristics in comparison to the above output
spectra, and it should be pointed out that large
permeability value cannot be adopted in order to achieve
better Bragg band gap. The materials parameters including
permittivity and permeability have strong influences on
the special band gap that i insensitive to the scale change
for a determined thickness ratio of two layers. Of course, it
can be concluded that, by changing the material
parameters (¢ and i) of ENG media, the similar results can
be obtained compared to the cases of Fig. 6.
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Fig. 7. Transmission spectra with incident angle
0 (a) 2°, (b) 45°, (c) 85°, respectively

When the angles of incidence are taken as #=2°, 45°,
and 85°, respectively, the outcome transmission spectra of
the TE polarization wave are displayed in Fig. 7(a)-(c)
with 16 pairs of unit cells for the total PC and 6 mm
thickness for each dielectric layer. In the case of larger
angle of incidence (e.g. 85°), widths and central positions
of Bragg band gaps and special band gap are slightly
extended and shifted to higher frequencies, respectively,
compared to those of lower incident angle (e.g. 2°).
However, it is shown that, as the incident angle is
increased, the band edge located at the side of high
frequency for the special band gap is gradually shifted to
higher frequency, and its opposite band edge has no any
change. In this plot, one can surprisingly find that a
resonance mode in the special band gap is exhibited in the
case of oblique incidence, in which the output power of
resonance mode is also enhanced till to approach 100% as
a result of the increase of incident angle. By means of
calculations, it is shown that the permeability parameter of
DNG material is close to zero as the frequency of incident
wave is located at the central frequency of resonance mode
for the case of less than 10° incident angle. This implies
that the special resonance mode is coming from the optical
properties of DNG material, and it will be shifted into the
adjacent transmission bands by increasing or decreasing
the value of permeability of DNG material. Here, in order
to clearly observe the influences of incident angle on the
defect mode in the first Bragg band gap and the referred
resonance mode, their evolutions of angle dependent
output spectra are displayed in Figs. (8), and (9) with
respect to the incident angle, ranging from 0° to 85°.
According to above illustrations, the resonance mode is
absent at normal incidence, as can be seen in Fig. 8, in
which it is shown that the width of resonance mode is very
narrow for less than 10° incident angle. The resonance
mode is gradually shifted to lower frequency, and further
evolved into multi-peaks structure due to the increase of
incident angle that also induce the extension of width of
resonance mode. Contrarily, the position of defect mode is
remarkably shifted to higher frequency against the incident
angle, as shown in Fig. 9, where the line-width of defect
mode is quickly shortened by increasing the incident angle
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and its transmittance is nearly kept at a constant of 100%.
Compared to the case of resonance mode, the presented
defect mode always maintains the single-peak structure at
any incident angle.
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Fig. 8. Spectral evolution of resonance mode in the special
band gap as a function of incident angle
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Fig. 9. Spectral evolution of defect mode in the first Bragg
band gap as a function of incident angle

4. Conclusion

In conclusion, we present the one-dimensional
photonic crystal with (AB)N(BA)" structure, in which both
layer A and layer B are made of double-negative and
eplison-negative metamaterials, respectively. The optical
properties such as photonic band gap, resonance mode,
and defect mode of transmission spectra are shown and
analyzed as a function of parameters including periodic
number, incident angle, permittivity, permeability, layer
thickness, as well as lattice constant. Owing to the inherent
properties of metamaterials, a special band gap that has
lower frequency is achieved in the transmission spectrum,
and a resonance mode located within the special band gap
is exhibited in the case of oblique incidence. In addition,
Bragg band gaps and defect mode are, respectively,
observed because of the strong interference of Bragg
scattering caused by interface between two layers with
different optical properties, and the localized defect layer,
ie., the linking position between (AB)" and (BA)". Under
the condition of a determined thickness ratio of layer A to
layer B, the width and central frequency of special band

gap is insensitive to the lattice constant whose
enhancement results in the compression and the
red-shifted Bragg band gap and defect mode. For other
cases, the influences of various parameters on the
transmission spectrumare very strong. Through this study,
the metamaterials based one-dimensional photonic crystals
will have some potential applications such as tunable filter,
optical switching, omnidirectional reflector, and soon.
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