Optical and Quantum Electronics (2023) 55:31
https://doi.org/10.1007/511082-022-04291-6

®

Check for
updates

One dimensional photonic crystal structure comprising
a hyperbolic metamaterial for optical filtering purpose

Z. A. Alrowaili' - Mai Medhat? - T. A. Taha' - Ahmed Mehaney? - Lama Sh. Aljoufi® -
Hussein A. Elsayed?

Received: 9 May 2022 / Accepted: 11 October 2022 / Published online: 22 November 2022
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2022

Abstract

In this research, we have theoretically introduced a model structure of one-dimensional
photonic crystals to act as a multichannel optical filter. The suggested design is composed
of a periodic alteration of hyperbolic metamaterial (HMM) and SiO, layers. The HMM
is composed of a combination of Si and Ag layers. Meanwhile, our design is configured
as [(Si/Ag)" SiOz]S. The theoretical treatment is substantially demonstrated in the vicinity
of the characteristic matrix method, effective medium theory, and the Drude model. The
numerical findings have demonstrated the effects of the periodicity numbers (N and S), the
thicknesses of the Ag and Si layers, and the refractive index of SiO, on the structure filter-
ing properties. In this regard, the numerical findings clarify that the periodicity number of
the HMM is a crucial parameter in introducing a specified number of filter channels. Our
designed structure may help in the enhancement of photonic and optical applications such
as a multichannel filter, particularly via a wide range of visible light regions.

Keywords Photonic crystals - Photonic band gaps - Hyperbolic metamaterial -
Characteristic matrix method - Multichannel optical filter

1 Introduction

Since Eli-Yablonovitch and John established the principles of the interaction between
electromagnetic waves and some artificial periodic structures (Yablonovitch 1987; John
1987; Elsayed and Mehaney 2021; Devashish et al. 2019), photonic crystals (PCs) have
received a lot of attention. These structures are heterogeneous and nanostructures with
a periodic arrangement of their refractive indices to control the propagation of light
(Joannopoulos et al. 2008). Their studies led to the formation of some regions or bands
of frequency ranges in which the propagation of some electromagnetic frequencies is
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not allowed (Devashish et al. 2019; Joannopoulos et al. 2008). Meanwhile, these bands
are labeled as photonic band gaps (PBGs) (Noda Baba 2003). Thus, the dominant cause
around the appearance of these PBGs is the periodicity of the refractive indices in one,
two, or three dimensions that lead to Bragg scattering at the interfaces of these periodic
arrays (Sanchez and Halevi 2003; Elsayed and Mehaney 2019; Elsayed 2018a). In addi-
tion, the ability to localize some distinct wavelengths inside the created PBGs could be
also of significant interest. Therefore, PCs could be promising in many scientific com-
munities. In this context, PCs can be fabricated with a lattice constant compared to the
incident wavelengths in one, two and three-dimension lattices (Yablonovitch 1987; John
1987; Elsayed and Mehaney 2021, 2019; Devashish et al. 2019; Joannopoulos et al. 2008;
Noda Baba 2003; Sanchez and Halevi 2003; Elsayed 2018a). However, the designed PCs
with a one-dimensional (1D) configuration may be the simplest in terms of manufacturing
designs and theoretical approaches, specifically, there is a variety in the utilized materials
to design or manufacture the 1D PC structures such as metals (Gaspar-Armenta and Villa
2003; Wu et al. 2010a), superconductors (), semiconductors (Noda et al. 2002; Istrate and
Sargent 2006), liquid crystals (Trabelsi et al. 2020; Haakestad et al. 2005) and metamate-
rial (). Notably, the constituent materials of PCs could clearly tune the position and width
of PBGs. Furthermore, several researchers have improved the properties of PBGs depend-
ent upon many factors and influences like temperature, pressure (Elsayed et al. 2014; Por-
ras-Montenegro and Duque 2010) and electric or magnetic fields (Wu et al. 2010b; Zheng
et al. 2007; Aly et al. 2015; Xu et al. 2003; Aly and ElSayed 2016). Thus, the promising
properties of PCs have contributed to many applications and devices such as optical filters,
modulators (Notomi et al. 2005; Hadfield 2009), optical reflectors (Elsayed and Aly 2017),
and switches (Takeda and Yoshino 2004).

Nowadays, there is an increasing interest in using some newly designed materials
through PC structures named Metamaterials (MMs) (Huo et al. 2019; Ramanujam et al.
2019; Campione et al. 2020; Janaszek et al. 2018; Podolskiy et al. 2007; Correas-Serrano
et al. 2015; Shalin et al. 2015). In particular, MMs have precise shape, geometry, specific
orientation properties and negative refractive index (Huo et al. 2019). The existence of
this new type of material was firstly demonstrated by Veslago (1968). Veslago deduced
that these materials could provide new peculiar optical characteristics due to their negative
refractive indices. Meanwhile, Smith et al. discussed experimentally the optical proper-
ties of such materials at microwave frequencies (Aghajamali and Barati 2013; Smith et al.
2000). In fact, the inclusion of MMs in PCs could be a crucial factor in tunning the PBG
because the average index of refraction for the considered structure could be close to zero
(Li et al. 2003). In addition, MMs provide the possibility for the enhancement of the inci-
dent electromagnetic waves besides the trapping of the electromagnetic field at some res-
onance frequencies (Cui et al. 2020). These features devoted attention to the utilization
of MMs in some sensing applications like label-free DNA sensing (Haring Bolivar et al.
2004), thermal induced denaturation temperature of insulin (Li et al. 2020), and chemical
sensing as well (Drexler et al. 2014).

Recently, a new class of these materials called hyperbolic metamaterials (HMMs) has
been widely considered due to their indefinite dispersion (Ramanujam et al. 2019). Nota-
bly, it could be designed in the form of dielectric-metal multilayers (Ramanujam et al.
2019). In addition, HMMs can be used in a variety of applications such as uniaxial media
with anisotropic permittivity tensors that have opposite signs to the axial and tangential
components (Huo et al. 2019). It is very important to note that the HMM structure has
a naturally dissipative loss lower than the pure bulk metallic structure (Huo et al. 2019).
In fact, the response of HMMs structure to electromagnetic waves could be demonstrated
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based on the effective medium theory (EMT) which traps only the temporal dispersion and
depends on the frequency effective electric permittivity tensor (Ramanujam et al. 2019;
Campione et al. 2020; Janaszek et al. 2018). Moreover, HMMs are used in many applica-
tions to achieve the growth of angle insensitive PBGs (Podolskiy et al. 2007). In most PC
structures that have HMMs, we looked at the PC and how the PBG looks in permeability,
permittivity, and negative refractive index (Correas-Serrano et al. 2015; Shalin et al. 2015).
Therefore, HMMs are pioneering in the design and fabrication of many different applica-
tions such as hyperlenses and high-sensitivity sensors as well (Guo et al. 2020). In particu-
lar, the high k modes in HMMs can overcome the diffraction limit unlike the conventional
lens besides being effective materials towards the small changes in the refractive index of
the sensing medium (Guo et al. 2020).

Furthermore, PCs comprising HMMs were promising in the demonstration of angle
insensitive or independent PBGs on both theoretical and experimental levels (Wu et al.
2018, 2022). Such gaps could be of potential interest in many applications like omnidirec-
tional reflectors, phase shift controllers and solar cells applications. Moreover, the disper-
sionless cavity modes represent another motivation for HMMs through PC designs (Xue
et al. 2016). In this regard, Xue et al. investigated that the spectral features of a cavity mode
inside the dispersionless gap are almost invariant with incident angles (Xue et al. 2016). In
addition, Hu et al. have considered the inclusion of magneto optical HMMSs through PCs
to investigate a nonreciprocal omnidirectional cavity mode (Hu et al. 2022). Recently, the
formation of tri and tetra hyperbolic phases in anisotropic MMs without magnetoelectric
coupling received a considerable attention (Durach 2020; Tuz and Fesenko 2020; Fesenko
and Tuz 2019; Durach et al. 2020). Such improvements could be of a significant interest in
many physical and technological aspects.

Based on all of these breakthroughs of HMMs, we have considered here the possibility
of using this type of materials to design an optical multichannel filter in the visible light.
Our idea is essentially based on the design of one-dimensional photonic crystals (1IDPCs)
comprising HMMs and dielectric material. In particular, the numerical findings can pro-
vide a wide control of the number of channels based on the number of periods for HMMs.
To the best of our knowledge, such result could be of potential interest compared to the tra-
ditional designs of PCs. Notably, the design of a multichannel optical filter based on dielec-
tric PCs could not provide full control over the number of channels. In addition, the ability
to control the number of channels for the produced optical filter could need some special
materials as investigated by Elsayed (2018b). Elsayed has introduced a multichannel opti-
cal filter for visible light applications using the 1D PCs that contain an n-doped InSb semi-
conductor material of a higher doping level. In this context, the doping impurity concen-
tration was crucial in controlling the number of channels (Elsayed 2018b). As the doping
impurity concentration increases, the permittivity of the n-doped semiconductors begins to
receive large negative values. Such a response could produce a high contrast between the
constituent materials of PCs (Elsayed 2018b). Thus, we believe that the inclusion of HMM
in our design could play the same role without the needing for some special requirements.
In particular, HMMs provide some peculiar optical characteristics compared to other dis-
persive media. Here, our design is configured as, [(Si /Ag)N SiOz]S. In this regard, the num-
ber of periods N for the HMM plays the main role in increasing the number of channels for
the investigated optical filter. The theoretical analysis of this work is mainly based on the
characteristic matrix method and the well-known Drude model. Meanwhile, the numerical
results indicate the existence of a multichannel optical filter in the visible light range. On
one hand, we discuss the effects of many parameters such as the thickness of dielectric and
metal layers on the filtering features of the PC structure. On the other hand, we pay more
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attention to the effects of the periodicity number of the HMM on the produced number of
the filter channels.

2 Theoretical analysis

Now, we briefly introduce the theoretical framework based on the characteristic matrix
method to describe the influence of the electromagnetic waves through the designed
1DPCs. As shown in Fig. 1, the considered structure is composed of two alternating mate-
rials HMM (D layers) and dielectric (C layers) that are repeated for S periods in the whole
structure. Meanwhile, HMM layers are designed from a multi-combination of two layers, A
and B, with a repetition number N. Here, layers A and B are listed for dielectric and metal-
lic media with thicknesses d,, dy and refractive indices n,, ng, respectively. Therefore, the
whole structure can be mimicked as[(A /B)N C]S, and then it will be immersed between air
and substrate. Meanwhile, layers A, B and C are considered Si, Ag and SiO,, respectively.
These materials are widely used in the design of PCs due to many advantages. Ag is char-
acterized by the low light absorption in the operating wavelengths of this study (visible
light and near-ultraviolet regions). Also, SiO, has large stability in its refractive index value
in this wavelength region. Besides, Si and SiO, are selected due to their unique optical and
chemical properties, and abundance of fabrication techniques. Moreover, these materials
are used extensively in previous theoretical and experimental PC applications. Thus, the
suggested structure could be described as the following configuration, [(Si/Ag)" SiO,]5.
Then, the substrate is chosen as a glass of refractive index n,=1.52.

In this context, the transfer or characteristic matrix method is admitted for investigat-
ing the transmission spectra of the 1DPC containing the HMM (Elsayed 2018b; Elsayed
and Mehaney 2020; Born and Wolf 1999). Through our analysis, we considered that the
propagation of the electromagnetic waves is parallel to the x-direction. Thus, the electric
and magnetic fields of electromagnetic waves will vibrate in the (y—z) plane. Therefore, the
response of both the electric and magnetic field components through a single layer j of the
proposed design is written as (Elsayed and Mehaney 2020; Born and Wolf 1999):

HMM(D) Di-electric (C)

Of
....... A A PP A = o
Substrate ng

M A:Si B: Ag C: SiO2

Fig. 1 The schematic diagram of the 1D-PC containing HMM (A and B) layers and dielectric material (C)
layer. Here, each layer has a certain thickness and characteristic refractive index. The refractive index of air
and substrate is labeled as ny, ng, respectively
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E; =Aexp (—iij) + B; exp (iij) =E.+E,

OE. k.
H; = ia)ajx - a_i[_Aj exp (—ik;x) — B;exp (ikyx)] (1

k;
= » (Ey+ - Ey‘) =0 (E,\* - Ey‘)

such that, A; and B; are the field amplitudes in layer j, k; is the wave vector in layer j, and it
is written as kj = konjcosﬁj =Q2x/ A)njcos9j, 4 is the wavelength of incident waves, n; and
0; describe the refractive index and angle of incidence through this layer, respectively. For
simplicity, Eq. (1) could be written in the following form:

-0 )
H; O -G J\E-
E.\_1(1 0" \[(E
(2)=30 %)) g

For a distinct layer j of thickness d; = x; — X, the response of the incident electromagnetic
wave through their boundaries can be summarized as:

Eo \ _ [ exp [ikd] 0 E, .
<H,yv° > B < 0 exp|ikd;] > ( E;* > @
From Egs. (2), (3) and (4), we have: -
<E0>_<1 1 >(Eyo+>
Hy )~ 0, -0 H -
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_ < cos (kjdj) (—i/Qj) sin (kjdj) > < E, > _ W.< E, )

—iQ; sin (kid;) cos (kd;) H,

Then, we can obtain:

Therefore, the response of the incident waves through the whole periodic structure could be
expressed in the vicinity of Eq. (5) as in the following matrix: -

k N

ve <$; ‘%i) =T = (WoWe)” = <(WAW3)NWC> ©
where W,, W and W, are the characteristic matrices of (A, B and C) layers, respectively.
While W), represents the matrix of the HMM which included two matrices of dielectric
and metal materials. Meanwhile, the matrix elements of Eq. (6) represent the mainstay in
describing the transmittance coefficient of the constructed structure as represented in the
following form: -

2p,

t= 7
(Wu + leps)Po + (WZI + W22ps) @
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Finally, the structure transmittance could be expressed based on the transmittance coef-
ficient and the optical properties of the starting medium (air) and substrate as:
Dy
Po

T=

2| ®)

Then, we investigated the refractive index of the HMM layer due to its construction as a
combination of metallic and dielectric media. As mentioned above, for the metallic layer,
we have considered Ag as it has the lowest light absorption compared with other metals in
visible light and near-ultraviolet regions (Johnson and Christy 1972). According to Drude
model, we can define the relative permittivity of Ag as the following equation:

()"

®? + iwy

)

€ = Ejyp —

here €,,, v and w, are configured as the high-frequency relative permittivity, damp-
ing frequency and plasma frequency, respectively. In this context, the values of these
parameters are obtained based on some experimental measurements such that, Eipp = 5.0,
hy =0.0212¢V and hcop =9.215%9eV (Johnson and Christy 1972; Zhao et al. 2014).
According to the effective medium theory, the parallel and transverse components of the
HMM permittivity could be expressed as (Poddubny et al. 2013): -

g, =Fey +(1-Feg (10)
1 _F 1-F
—=—+ (11)
£, €&, £p
F=d,/(dy+dp) (12)

where F defines the filling factor of layer A relative to the HMM layer. Finally, the refrac-
tive indices of layers A (Si) and C (SiO,) are demonstrated through the wavelengths of
interest based on the experimental verifications of Schinke et al. and Rodriguez-de Marcos
et al. (Schinke et al. 2015; Rodriguez-de Marcos et al. 2016).

3 Results and discussion

Here, we present the numerical results of our design based on the characteristic matrix
method. Our numerical results illustrate the transmittance properties of our structure in
the visible light region and electromagnetic waves are considered to incident normally on
the face of the PC structure. The mainstay of this research study is focused on the role
of HMM layers on structure transmittivity. In particular, the HMM is characterized by a
hyperbolic dispersion due to the indefinite response of its permittivity. These characteris-
tics could be of significant contribution to introducing the proposed multichannel optical
filter. Meanwhile, the thicknesses of the constituent materials are chosen as, d, = 40nm,
dp = 80nm and d = 180nm.

The numerical investigations highlight the role of the thicknesses of Ag, Si and SiO,
besides the periodicity number of the HMM layer (N) and that of the whole configuration
(S) on the structure transmittivity. In addition, we have discussed the effect of the refractive
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index of layer C on the transmittivity of our design. Firstly, we have discussed the variation
of the periodicity number N and S on the structure transmittivity to obtain the optimum
values of these parameters and their effect on the suggested multichannel optical filter.

Figure 2 clarifies the transmittivity of the designed structure at a periodicity number
of the HMM =1 and that of the whole design=12. The figure shows the appearance of
a single stop band that is located between 494.4 and 642.7 nm, respectively with a band-
width =148.3 nm. Physically, the appearance of this PBG is due to the high mismatch in
permittivity values of the constituent materials that leads to a multi-destructive interference
at layers interfaces. Such strategy has the most significant contribution to the confinement
of specified wavelengths of the incident electromagnetic waves leading to the formation of
this PBG.

Next, we have discussed the role of the generation or periodicity number of the HMM
on the tunability and characteristics of the formed PBG. In Fig. 3 we have plotted the
transmission spectra of the 1DPCs against the wavelength of the incident electromagnetic
wave at different numbers of periodicity for the HMM. Here, the periodicity number of
the whole design is kept constant=12. The figure shows a crucial role of the HMM on
the tunability of the PBG by changing the value of N. As N value increases from 1 to 2,
the PBG has shifted downwards the shorter wavelengths and its width is reduced to 95 nm
as shown in Fig. 3a. In addition, a wide passband region with a relatively high transmit-
tivity appears in the wavelengths from 500 to 800 nm. For N=4 and 6, the number of
PBGs begins to increase significantly as shown in Fig. 3b, c, respectively. In the case of
N=4, three PBGs are introduced as demonstrated in Fig. 3b. These stop bands are located
at wavelengths from 363.9 to 430.6 nm, 498.5 nm to 546.8 nm and 742.5 nm to 801 nm,
respectively. These band gaps may be attributed as a result of the contrast in the refrac-
tive index between the components of the PC structure. Therefore, such gaps could be the
keystone of our optical stopbands optical filter. At N=6, the number of the investigated
PBGs is still increasing to reach 4 as shown in Fig. 3c. Here, the widths of these gaps
are decreased besides their shifting downwards the shorter wavelengths compared to the
previous ones that appeared in Fig. 3a, b. For further increase in N value to 8, five PBGs
are formed through the wavelengths of interest as shown in Fig. 3d. We believe that the
increase in the periodicity number of HMM leads to the change in the optical path length
of the incident waves. Thus, the transmittivity of the suggested design and PBGs as well
are strongly affected by the variation in the values of N. Meanwhile, this parameter may

Fig.2 The transmittance of the
designed structure as a function
of the incident wavelength at

N=1andS=12
£
= 0.6
£
8
Z 04
=
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Fig.3 The transmittivity of the designed 1D HMM PCs at different values of the HMM periodicity such
that,aN=2,bN=4,¢N=6andd N=8

be of great interest in the tunability of the PBGs characteristics such as their positions,
widths, and numbers. Therefore, the periodicity number of HMM can provide a significant
contribution toward the control of the number of channels for the suggested optical filter.
In addition, the designed structure provides a kind of simplicity in the investigation of this
role, unlike the previous works that could require some changes on the external parameters
such as the doping impurity concentration or the permittivities of the considered materials
(Elsayed 2018b).

Then, Fig. 4 elucidates the effect of the periodicity number of the whole design on the
transmittivity properties. Here, the value of N is kept constant at the value of 6. The figure
clarifies that the change in the periodicity of the whole structure has not led to a distinct
effect on the structure transmittivity and the properties of the investigated PBGs as well.
Here, the structure transmittivity and the characteristics of the formed PBGs are almost
unaffected. We believe that this response is logical compared to the results that were inves-
tigated in the previous literature (Abadla et al. 2020; Elsayed et al. 2021; Mehaney et al.
2021). In particular, the role of the periodicity number is limited to producing more sharp-
ness in the edges of the PBGs. Thus, we have considered the case of N=6 and S=12 as
the optimum condition through this study.

Now, we study the effect of another parameter on the transmittivity of our designed
structure. Figures 5 and 6 highlights the role of the thicknesses of Si, and Ag, respectively,
on the characteristics of the stopbands of the optical filter. In particular, this parameter has
a distinct contribution to control the optical path length of the incident electromagnetic
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Fig.4 The transmittivity of the designed 1D HMM PCs at constant value of the HMM periodicity (N=6)
and different values of the periodicity number of the whole structure such that,a S=6,b S=9, ¢ S=12 and
dS=15

waves. Therefore, it could provide some flexibility in tuning the position of the introduced
stopbands.

Figure 5 demonstrates the effect of Si thickness on the transmittance properties of our
structure. Figure 5 shows the PBGs have red shifts toward longer wavelengths as a result of
increasing the thickness of silicon from 40 to 60 nm, 80 nm, and 100 nm. In addition, the
widths of these stopbands are slightly increasing with the increment in the thickness of Si
layers. Also, the edges of these PBGs became sharper especially at the longer wavelengths.

Next, we discuss the effects of considering the different thicknesses of Ag layers at a
constant value of dy =40 nm on the transmission properties of the PC as elucidated in
Fig. 6. The figure indicates a significant effect of the thickness of Ag layers on the structure
transmittivity and the properties of the PBGs as well. By decreasing the thickness of Ag
from 80 to 60 nm and 40 nm, the structure transmittivity increases besides the shift in the
positions of the formed PBGs downward the shorter wavelength (blue shifts) as shown in
Fig. 6. Moreover, the widths of these gaps decrease, and their edges became less severe.
Therefore, the choice of dgz=80 nm represents the optimum value for sharper and wider
stopbands.

Then, we investigated in Fig. 7 the role of the refractive index of layer C on the
tunability of the obtained PBGs. Meanwhile, the values of d, and dg are equivalent to
40 nm and 80 nm, respectively. Such an effect could be established by comparing the
SiO, material (layer C) with other materials of different optical properties. As layer C
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Fig.5 The structure transmittivity at different thicknesses of Si layers, a d, =40 nm, b dy=60 nm, ¢
d,=80nmandd d, =100 nm

is designed from Al,O;, the refractive index of this layer changes through the wave-
lengths of interest (Dodge 1986). This effect could lead to a distinct effect on the struc-
ture transmittivity as a result of changing the optical path length. Here, the change in
the refractive index of layer C requires a similar change in the wavelength or the optical
path length of the incident radiation to keep the state of constant phase shift that is ruled
based on Bragg law (Segovia-Chaves and Elsayed 2021). Therefore, a different response
of the structure transmittivity and the PBGs characteristics as well is expected. In this
context, Fig. 7b demonstrates a different response as SiO, was replaced with Al,O5. The
figure clarifies distinct variations in the structure transmittivity and the properties of
the obtained stopbands as well. Here, the obtained gaps are shifted upwards the longer
wavelengths as a result of the changes in the optical wavelengths of the incident waves
with the increase of the refractive index of layer C. In addition, the gaps in the longer
wavelengths became less severe compared with the case of SiO,. Moreover, the ampli-
tudes of oscillations outside the PBGs take large values. As Al,O; is replaced with other
optical materials such as Si;N, and ZnS, respectively, the shift towards the longer wave-
lengths is still present as shown in Fig. 7c, d, respectively. Furthermore, the number
of the formed stopbands begins to decrease as obtained in the case of ZnS. In particu-
lar, the refractive indices of these materials (Si;N, and ZnS) along the wavelengths of
interest have larger values compared with Al,O; (Luke et al. 2015; Klein et al. 1986).
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Fig.6 The effect of changing the thickness of Ag layers on the transmittance properties of the designed 1D
HMM PCs at, a dg =20 nm, b dg =40 nm, ¢ dg=60 nm and d dz =80 nm

Therefore, the utilization of SiO, represents the optimum case to keep the largest num-
ber of stopbands through our proposed optical filter.

4 Conclusion

In summary, we have designed a multichannel optical filter based on a 1DPC compris-
ing HMMs. The HMM was introduced as a combination of a periodic arrangement of Si
and Ag layers. The numerical verifications of our study were introduced depending on the
basics of Drude model, the effective medium theory, and the well-known characteristics
matrix method. The demonstrated results showed the appearance of a multichannel stop-
band filter through the visible wavelengths especially at a periodicity number of the HMM
layers greater than 1. In this regard, we have found that increasing the periodicity of HMM
layers to 6 could lead to the formation of five PBGs with different bandwidths among the
considered wavelengths. Moreover, the variation in the thickness of Ag and Si layers could
have significant contributions towards the tunability of the positions and widths of these
stopbands. Thus, these features of PBGs could make our proposed structure a prime candi-
date as a multichannel filter in a broad band of the visible light region.
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