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Abstract
Wepresent the structuring of different double graded-indexmaterials in the formof one-dimensional
(1D) photonic crystals (PCs) for highly efficient light trapping and controlling photonic devices in
terms of tuned and controlled photonic bandgap (PBG) performances. Considered 1D graded
photonic crystal (GPC) structures are stacked of hyperbolic, exponential, and linear double graded
index layers. In the graded index layers, the refractive indices vary in hyperbolic, exponential, and
linear fashions as a function of the layer thickness. These configurations show that the operating
frequencies and the number of PBGs can be tuned by controlling layer thickness, grading profiles, and
grading parameters of the constituted graded layers. The changes in the grading profiles of the graded
layersmodulate the operation frequencies and also the number of PBGs.We also found that the
operating frequencies and bandwidth of PBGs can be tuned by changing the values of initial andfinal
refractive indices of the graded layer. Therefore, the desirable PBG regions and bandwidths can be
achieved and controlled by selecting appropriate parameters of the systems. Results can be
implemented to design tunable reflectors,multi-channel filters, sensors, and optical detectors. Also,
this workmay provide an understanding of the effect of different double graded-indexmaterials on
PBG characteristics in theGPCs.

1. Introduction

With a perspective to future potential applications in high-performance and light controlled photonic devices,
the realization of light trapping, control, and propagation is becoming increasingly attractive. Photonic crystals
(PCs) have an excellent ability to control, confine, andmanipulate light with low loss. PCs are structures
consisting of two ormorematerials of different refractive indices arranged in a periodic configuration [1, 2].
Periodic refractive indexmodulations prevent the propagation of electromagnetic waves in a specific frequency
range known as a photonic bandgap (PBG). PBGproperties are used to confine,manipulate, andmanage the
propagation of electromagnetic waves in the PCs, which lead to being a key technology for all integrated
photonic devices [3, 4]. Several distinct structural engineering composed of different dielectric, dispersive,
plasmonic, and negative indexmaterials have been studied to control and tune the PBG characteristics efficiently
[5–11]. These have several potential applications in optical communication and optoelectronic devices such as
reflectingmirrors, waveguides, optical switches,filters, detectors, limiters, light-emitting diodes, etc Recently,
the properties of tunable unidirectional absorption and temperature-dependent PBGs in 1DPC structures have
been reported by introducing the non-magnetized/magnetized plasma and semiconductor layers [12–15]. One
approach is to implement the concept of graded-index optics in PC structures to improve further the ability to
control theflowof light. The different employed version of the graded-indexmedium in the PCs is known as a
graded photonic crystal (GPC). GPCs are designedwith the spatialmodification of constituted parameters such
asfilling factor, optical index and lattice parameters, etc The spatial variations of relevant parameters in the
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GPCs provide different behavior from conventional PCs and improve the ability to control andmanipulate the
propagation of light [16–18]. Such types of PCs play a vital role in the design of spectralfilters, beam aperture and
deflector, high-efficiency bendingwave guides, high-efficiency couplers, self-focusingmedia, anti-reflection
coating, etc [19–23]. In 1DPC structures, all the optical properties of electromagnetic waves are easy to
investigate. These can also be designed in a controlledmanner and fabricatedmore effectively for a broad range
of wavelengths and allow for accurate theoretical descriptions. Several researchers have been proposed the 1D
multilayer structures with gradual variations of refractive index and layer thickness along the perpendicular to
the surface of graded layer arrangements [24–29]. Such types of structures are known as 1DGPCs. 1DGPCs are a
stack of graded layers with tunable refractive index profiles which provide the additional possibility to explore
the dispersion and PBGs characteristics as well as optical transmittance, reflectance, and absorbance, and group
velocity, etc The physical interpretations of 1DGPCs for practical applications, a series of piecewise profile
materials can obtain different types of gradation profile in the PC structures. The stratified embedded layersmay
be divided into a variety of sub-layers, and every sub-layer is assumed to be homogeneous. The various
processes, such as chemical vapor deposition, sputtering deposition, nanolithography, and spin coating
techniques, have been used to fabricate these types of structures [30–32]. Itmay also be possible to fabricateGPC
structures by compositionally dopingmethod [33]. The different formof graded-indexmedia in nature, such as
the graded-refractive-index structure offish and structural colors in animals, the atmosphere of the Earth and
themirage effect, and other natural structures have been investigated. Antireflection surfaces to neutralize the
boundary effect to light have also been effectively presented a gradual transition in the refractive index at the
interface of twomedia [34].

In the present work, tunable and controlled PBGproperties in double graded hyperbolic, exponential, and
linear indexmaterials embedded in 1DPC structures are expected to observe. The periodicity of double graded
index layers is stacked according to the desiredGPC structures. Refractive indices in graded-index layers vary in
the hyperbolic, exponential and linear fashion as a function of the layer thicknesses. The following parts are
included in this paper. In section II, the theory of calculating the reflectance, transmittance, dispersion spectra,
reflection phase shift, group velocity, and group delay for the proposed 1DGPC structures are introduced. In
section III, we present the effect of different types of dual graded-index layers and their stacking arrangements on
the reflectance, dispersion spectra, reflection phase shift, group velocity, and field intensity distribution in the
double graded-index slabs embeddedGPC structures. The effect of the contrast of initial and final refractive
index of the graded index layers on the PBG spectra is also considered. The graphical illustrations of complete
photonic band gaps serve to illustrate the competitions between all of the proposed 1DGPC structures. Finally,
the results are summarized and suggested their prospective applications as the photonic components in
section IV.

2. Theoretical description

In order to realize the PBG engineering, we consider the double hyperbolic, exponential and linear graded index
slab of thickness 2 d as constituents of thefinite 1DGPC structures. GPC structures are the periodicity of a
doubly hyperbolic (HH′ orH′H), exponential (EE′ or E′E), and linear (LL′ or LL′) graded index layers. Refractive
indices distribution in the considered graded index layersH (E or L) andH′ (E′ or L′) vary in hyperbolically
(exponentially or linearly) increasing and decreasingwayswith layer thickness, respectively. The schematic of
GPC structures and variations of refractive index profiles in increasing and decreasingways with layer thickness
are shown infigure 1.

In thefirst case, the variation of refractive index in hyperbolic graded layers is represented as [35]

a
=

-
( ) ( )n x

n

x1
1H

i

where a = -[( ) ( )]/n n n d.f i f is a hyperbolic grading parameter, d is the layer thickness, ni and nf are the
initial and final refractive indices, respectively. SubscriptH represents the hyperbolic graded index layer. The
distribution of the electric field for electromagnetic wave propagation in a hyperbolic graded index layer along
perpendicular to the surface is given as

x x x x= +( ) ( ) ( ) ( )E x A m B m. cos . log . sin . log 2H H H H H H H

where AH and BH are constants for hyperbolic graded index layer, the variable x a= - x1H is the propagation
wave vector, and w a= -[( ) ( )]/ /m n c 1 4 ,i

2 2 whereω is the angular frequency, and c is the speed of light.
In the second case, the variation of refractive index in exponential graded layer is expressed as [35]

g=( ) ( ) ( )n x n xexp 3E i
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where g = ( ) ( )/ /d n n1 . log f i is the exponential grading parameter, and subscript E represents the exponential
graded index layer. The electric field distribution for electromagnetic wave propagation in an exponential graded
index layer along the plane perpendicular to the surface of the graded layer can bewritten as:

x
g

x
g

= +
⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟( ) ( )E x A J B Y. . 4E E

E
E

E
0 0

where AE and BE are constants for exponential graded index layer, J0 and Y0 are thefirst and second kind of the
0th-order Bessel function, respectively. The variable x w= ( ) /n x c.E E is thewave propagation vector for
exponential graded index layer at a normal incident angle.

In the third case, the index of refraction varies linearly from initial to end boundaries of the linear graded
layers and can be expressed as [35, 36]

= +
-⎛
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The distribution of the electric field for electromagnetic wave propagation in a linear graded index layer
along the plane perpendicular to the surface of the graded layer can be represented as:
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where AL and BL are the constants for the linear graded index layer, the functions /J1 4 and /Y1 4 are first and
second kind of the ( )/1 4 th-order Bessel function, respectively. The variable b w= -( ) [( ) ]/ /c n n d. f i is a linear
grading parameter, and x w= ( ) /n x c.L L is thewave propagation vector for the linear graded layers at a normal
incident angle. The variations of the refractive index can be changed according to increasing or decreasing
fashion by considering the values of initial (ni) to end (nf ) boundaries refractive index of the graded index layers
as illustrated infigures 1(a) and (b), respectively. For increasing index profile in the graded layers (H, E, and L),
the values of refractive index increase with layer thickness from refractive index =n 1.5i to =n 4.5.f For
decreasing index profile in the graded layers (H′, E′, and L′), the values of refractive index decrease with layer
thickness from refractive index =n 4.5i to =n 1.5.f The expressions for the distribution of electric field in the
corresponding graded index layers would be in the same form for increasing or decreasing index profile except
for the grading parameters whichwill change according to the variation of refractive index in the graded layers.

We have embracedmultilayer interface optics to calculate optical properties such as reflection, transmission,
phase shift, dispersion relationship, group velocity, time delay and field distributions for the proposedGPC
structures. In order to achieve the complete reflectance ( )R and transmittance ( )T spectra, it is essential to

Figure 1. Schematics of the double periodicGPC structures with possible combinations of increasing and decreasing refractive index
profiles in exponential, linear and hyperbolic graded index systems.
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calculate the reflection ( )r , and transmission ( )t coefficients of the fields in the incident and outgoingmedia
attributable to partially transmitted and reflectedwaves originatedwithin themultilayer structures at each layer
interface. The frequency dependent field coefficients Al and = ¼( )B l 0, 1, 2, 3l are expressed transmitted
and reflectedwaves amplitudes, respectively. Thesefield coefficients are calculated by imposing continuity
conditions for both the electric and themagnetic field across the interface fromonemedium to the next
medium. Then, a set of equations is established from the transfermatrix approach. To investigate the optical
properties of the light wave propagation in the doubly periodic graded indexmultilayer structures, we have used
the transfermatrix formulism. After applying the transfermatrix approach in the proposed structures, the light
wave propagation through the complete structures can be expressed bymultiplying the characteristicmatrices of
the embedded graded layers in the doubly periodic GPC structures. The complete characteristicmatrix
expression for the doubly periodic GPC structures can be expressed as

= ¢ ¢- +⎜ ⎟⎛
⎝⎜

⎞
⎠⎟

⎛
⎝

⎞
⎠[( ) ( )] ( )A

B
M M M or M M M

A
. . . .

0
7G G G G

N N0

0
0

1
0

1

where N is the number of periods, and A ,0 B ,0 and +AN 1 are the constant for the incident ( )0th and outgoing
+( )N 1 th media, respectively. Thematrices MG and ¢M G are the ´2 2 characteristicmatrices for increasing

and decreasing refractive index profiles in the different graded index layers, respectively. Subscript G represents
for graded index layers. Thematrix M0 is ´2 2 characteristicmatrix of airmedium. The characteristicmatrix
is = -M M M. ,G i f

1 wherematrices Mi and Mf are the characteristicmatrices at the initial =( )n 1.5i and the
end =( )n 4.5f boundaries of the graded index layers with increasing the refractive index profiles. Similarly, the
characteristicmatrix is ¢ = ¢ ¢-M M M. ,G i f

1 wherematrices ¢M i and ¢M f are the characteristicmatrices at the
initial =( )n 4.5i and the end =( )n 1.5f boundaries of the graded index layers with decreasing the refractive
index profiles. The characteristicsmatrices at the initial ¢( )M Mandi i andfinal (Mf and ¢ )M f boundaries of the
graded layers can be changed according to the hyperbolic, exponential and linear graded-indexmedia. After
simplify the sets of field expressions and established thematrix expressions, the characteristicmatrices Mi and
Mf at the initial andfinal boundaries of the hyperbolic graded-indexmedia in theGPC structures at a normal
incident angle are obtained as

a a
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f
ni and nf are the refractive indices at the initial and final edges of the exponential

graded layer, respectively. The characteristicmatrices Mi and Mf at the initial andfinal boundaries of the
exponential graded index layers are expressed as
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where thewave vectors are x w= n ci i at the initial and x w= n cf f at the final boundaries. The functions ( )J0 1

and ( )Y0 1 arefirst and second kind of the 0th-order (1st-order)Bessel functions, respectively. The characteristic
matrices Mi and Mf at the initial and final boundaries of the linear graded-indexmedia are obtained as [28]
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where the functions x w= /n ci i and x w= n cf f are thewave vectors at the initial and final edges of the linear
graded index layers, respectively. The functions /J1 4 and /Y1 4 are thefirst and second kind of the 1/4th-order
Bessel functions, and the functions ¢ /J 1 4 and ¢ /Y 1 4 are the differential of thefirst and second kind of the 1/4th-
order Bessel functions, respectively. The characteristicmatrix of airmedium is given as

= -
⎜ ⎟⎛
⎝

⎞
⎠M

ik ik
1 1

0
0 0

where w=( )/k n c.0 0 is thewave vector of airmedium, and n0 is the refractive index of the air. For the reverse
case of the variations of refractive index in the graded index layers, the characteristicmatrices ¢(M i and ¢ )M f at
the initial and final boundaries would be in the same form for the respective graded-indexmedia except for the
values of refractive indices =n 4.5i and =n 1.5.f Themagnitude of the forwarding and backward collected
light waves of theGPC structure can be calculated from a simplematrix operation as given in the equation (7). In
this way, the reflection ( )r and transmission ( )t coefficients of the structures can be obtained directly. The phase
shift of the electromagnetic wave in the PCbased optical devises is also one of particular interest. The reflectance
( )R , transmittance ( )T and reflection phase shift Y( ) of the periodic structures can be calculated using the
following relations [35, 36]

= = = =
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Aperiodicmultilayer structure is equivalent to a 1Dperiodic lattice arrangement, which is invariant under
the lattice translation.Here, the refractive indices of graded layers are invariant by the revealing of thewave
vector by a lattice constant d2 for the doubly periodic GPC structures. According to the Floquet’s theorem, the
electric field vector in a periodic system takes the form as: + =( ) ( )E x d E x2K K with period 2 d.The
dispersion relation is an equation relating the Blochwave number K and angular frequency w for a periodic
system,which is derived for an infinite periodic structure using the transfermatrix approach as

w = +- { }( ) ( ) ( )K
d

M M
1

2
. cos

1

2
91

11 22

where d2 is the thickness of a period of the periodic system, M11 and M22 are the elements of the ´2 2 optical
transfermatrix =( )M i j, 1, 2i j, of a period. The optical transfermatrixmay be = ¢M M Mi j G G, or ¢M MG G

according to the considered doubly periodic GPC structures. The dispersion spectra revealmultiple spectral
bands categorized into two regimes. First, the place +∣( ) ∣/M M 2 111 22 corresponds to real K value implies to
propagating electromagnetic waves. Second, spectral band regionswithinwhich K is complex correspond to the
evanescent waves which are attenuated thewave propagation and defined by the condition

+ >∣( ) ∣/M M 2 1.11 22 These bands correspond to the forbidden bands of the systems known as photonic band-
gaps. The group velocity and group time delay of electromagnetic waves in various periodic structures with
different types ofmaterials have also been attracted the researcher’s attention on control andmanipulation of
light in photonic structures. Equation (9) leads directly to calculate the group velocity ( )vg and group delay t( )
which have the expression as [35, 36]

w
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1

The group velocity and time delay of the radiationmodes have a significant role in light propagation and
optical response in the optical structures.
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3.Numerical results and discussion

Herewe present the numerical results for the doubly periodic GPC structures to characterize the optical
reflection, band structures, phase shift, group speed, and time delay. The graded-indexmedia is presumed to be
lossless dielectrics. Refractive indices of the graded-indexmedia are considered between lower refractive index
1.5 to upper refractive index 4.5. The refractive index variationswith the layer thickness in a unit cell are the
combinations of increasing and decreasing index layers, as shown infigure 1. TheGPC structures are fabricated
with the periodicity ofHH′ (orH′H) for hyperbolic, EE′ (or E′E) for exponential and LL′ (or L′L) for linear
graded index layers. The reflection spectra for the periodicity offive sets of hyperbolic graded systems (HH′ and
H′H), exponential graded systems (EE′ and EE′), and linear graded systems (LL′ and L′L) are shown infigures 2
and 3 for different layer thicknesses, respectively. It is observable from the results shown in the figures that there
exist a number of forbidden (photonic) bands. The number of PBGs increases with layer thickness and reduces
the corresponding bandwidth. These PBGproperties aremainly affected by the effective refractive index of the
constitutedmedia in the PC structures. The effective refractive index of the graded layer becomesmore
significant as the layer thickness increases, and hence the Bragg structure becomesmore effective to create PBGs.
We also notice that the PBGs ofGPC structures significantly depend on the grading profiles.

In the case offigure 2, reflection band amplitudes and bandwidths changewith increasing the number of
PBGswith layer thickness. It is the consequence of decreasing the average effective refractive indices over the
volume of embedded graded-index systems. In the second case offigure 3, reflection band amplitudes are
comparatively higher from thefirst case. It is perceptible that the corresponding reflection band regions are

Figure 2.Reflectance spectra for double GPC structures with the periodicity of (a) hyperbolicHH′, (b) exponential EE′ and (c) linear
LL′ graded index systems for different layer thicknesses.
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almost the same for both the cases. The reflection bands shift downward in frequency regions and their
bandwidths usually shorter for the structures with hyperbolic, exponential, and linear graded-index systems,
respectively. For layer thickness d=60 nm, the band region and bandgap for hyperbolic GPC structures are
obtained to be 399.3–623.8 THz and 224.5 THz, respectively. The band region shifts toward lower frequencies
and the corresponding bandwidth reducewhen the refractive index profile changes fromhyperbolic to
exponential (or linear). The changes in the reflection spectra for the combinations of increasing and decreasing
graded index profiles are the consequences of different saw-tooth index profiles formations. Oneway is to tailor
to different types of gradation profile in the PC structures can be obtained by a series of piecewise hyperbolic,
exponential and linear index profilematerials. It can also be seen that the reflection spectra of the 1st case of GPC
structures exhibit high amplitude reflection band as compared to the other ripples amplitudewhich is significant
and useful for optical filtering applications. In the 2nd case ofGPC structures, the spectra exhibitmany ripples
with high amplitudes. The ripples have to be reduced considerably to suit filter applications.

For the higher layer thickness, we notice that some of the reflection bands cannot easily designate.We have
therefore analyzed the confinement effects arising from the competition between changing of layer thickness
and PBGband region in the dispersion spectra. The calculated frequency regions of PBGs at different layer
thickness are shown infigure 4 for theGPC structures with hyperbolic, exponential, and linear graded-index
systems. Thefigure shows the distribution of the PBGs (black regions) and allowed (white region) frequency
regions as a function of the graded layer thickness. As the graded layer thickness increases, we get the number of
PBGs, and their bandwidths become narrower and narrower with increasing the number of PBGs.We observe
that the generation of PBGs is almost the same for both types of double periodic GPC structures. The

Figure 3.Reflectance spectra for double GPC structures with the periodicity of (a) hyperbolicH′H, (b) exponential E′E and (c) linear
L′L graded index systems for different layer thicknesses.
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bandwidths and band regions of PBGs have different values for the different graded-indexmedia.We observe
themore significant number of PBGs and their bandwidths become very shorter. The variations in the PBGs are
the consequence of the changes of average volume-effective refractive index for different graded-index systems,
while lower and higher values of refractive index are the same. The combinations of increasing and decreasing
gradation profiles for different graded-indexmedia show the significant influences on bandwidth and band
region of PBGs.We observe that the dispersion spectra and formations of PBGs are similar for both types of
combinations of increasing and decreasing gradation profiles graded-indexmedia.

The variations of total bandwidthswith layer thickness for the structures with different graded-index
systems are depicted infigure 5. It reveals that the values of total bandgaps have significant changewith the layer
thicknesses. The values of the total band gap usually reduce for the structures with linear, exponential, and
hyperbolic graded-index systems, respectively. Therefore, PBGs can be tunedwith layer thickness and grading
profiles in theGPC structures. Table 1 lists the PBGs region and their bandwidth for the proposed doubly
periodic GPCs at different layer thickness.

We extend our study to calculate the dispersion spectra and reflection phase shift (Ψ) associatedwith PBGs in
the doubly periodic GPC structures with different graded-index systems. The calculated dispersion spectra and
corresponding reflection phase shifts are illustrated in panels (i), (ii) and (iii) offigure 6 for the structures with
the periodicity of hyperbolic graded systemHH′ orH′H, exponential graded systemEE′ or E′E, and linear
graded systemLL′ or L′L, respectively.We observed that the results of the dispersion spectra are similar for both
types of combinations, whereas reflection phase shifts changewith the combination of different gradation
profiles. As expected, PBGs are formed in zero transmission range and shift toward lower frequency region for
the structures with hyperbolic, exponential, and linear graded-index systems, respectively. The photonic band
regions are depicted by gray region in dispersion spectra. It can be seen that three PBGs are formed in the case of
GPC structures with exponential and linear graded-index systems, whereas two PBGs are visible for theGPC
structures with hyperbolic graded-index systems. The bandwidth of second-order PBG in the hyperbolic
graded-index systems is approximately negligible. The reflection phase shifts are illustrated in panels (ii) and (iii)

Figure 4.Distributions of photonic band gap (black region) as a function of layer thickness d for the periodicity of (a) hyperbolicHH′
orH′H, (b) exponential EE′ or E′E, and (c) linear LL′ or L′L graded index systems.

Figure 5.Variations of total band gap regions against the layer thickness d for the doubly periodic hyperbolic, exponential and linear
GPC structures.
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for the periodic structures of systemsHH′, EE′, LL′ andH′H, E′E, L′L systems, respectively. The changes in the
reflective phase shift from –π to+π. The variations of reflection phase shifts are different for various PBGs. The
reflection phase shifts for the periodic hyperbolic (HH′), exponential (EE′) and linear (LL′) graded-index
systems change smoothly from close to –π at one band edge to approximate 0 at another band edge of PBG as
shown in panel (ii). For the periodic hyperbolic (H′H), exponential (E′E) and linear (L′L) graded-index systems,
the values of reflection phase shifts change from close to 0 to+π at the edges of PBGs as depicted in panel (iii). It
is the result offield distribution variability owing to different combinations of gradation profiles. Thefield
distributions change according to the hyperbolic, exponential, and linear gradation profiles. Therefore, the

Table 1.Band region and bandwidth of PBGs for the doubly periodic GPC structures with different graded index systems.

Layer Thick-

ness, d
Periodic structure of graded system

HH′ orH′H EE′ or E′E LL′ or L′L

Band

region (THz)
Band

gap (THz)
Band

region (THz)
Band

gap (THz)
Band

region (THz)
Band

gap (THz)

60 nm 1st 399.3–623.8 224.5 364.6–559.3 194.7 339.6–497.3 157.7

2nd — — — — 804.2–850.0 45.8

100 nm 1st 239.6–374.3 134.7 805.7–850.0 44.3 728.0–779.9 51.9

2nd — — 541.5–572.0 30.5 482.5–527.0 44.5

3rd — — 218.8–335.6 116.8 203.7–298.4 94.7

150 nm 1st 595.8–625.4 29.6 729.5–741.1 11.6 823.3–847.7 24.4

2nd 159.8–249.5 89.7 537.1–568.2 31.1 658.6–679.8 21.2

3rd — — 361.0–381.3 20.3 485.3–519.9 34.6

4th — — 150.0–223.7 73.7 321.7–351.3 29.6

5th — — — — 150.0–198.9 48.9

200 nm 1st 753.6–767.0 13.4 822.5–828.4 5.9 745.4–757.6 12.2

2nd 446.8–469.1 22.3 681.1–695.6 14.5 617.5–635.7 18.2

3rd 150.0–187.1 37.1 547.1–555.8 8.7 493.9–509.8 15.9

4th — — 402.9–426.1 23.2 364.0–389.9 25.9

5th — — 270.8–286.0 15.2 241.3–263.5 22.2

6th — — 150.0–167.8 17.8 — —

Figure 6.Panel (i) shows the dispersion spectra for both types of the double periodic arrangements for (a)hyperbolic, (b) exponential
and (c) linear graded index systems, and panels (ii) and (iii) illustrate the reflection shift for the structures with possible combinations
of increasing and decreasing gradation profiles graded systems.
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transformations offield distribution in the different gradation profiles systems at the interface boundaries lead
to the change of reflection phase shifts in PBG regions.

To investigate the effect of the combination of different grading profiles on the propagation light in the
proposed structures, we have also calculated the group velocity and group delay for layer thickness. The
measured group velocity and time delay for theGPC strictures with hyperbolic, exponential, and linear graded-
index systems are shown infigure 7. Three different color lines represent the calculated results of group velocity
and delay time derived for the structures with hyperbolic, exponential, and linear graded-index systems. By
examining the group velocities, as shown infigure 7(a), it is apparent that the group velocities demonstrate
positive and negative values outside of the PBG regions and forbidden in PBG regions. As expected, the PBG
regions shift serially toward higher frequency region for the structures with linear, exponential, and hyperbolic
graded-index systems. Themaximumandminimumvalues of positive and negative group velocities also
increase and shift toward lower frequency for the structures with hyperbolic, exponential, and linear graded-
index systems, respectively. The effects of the combination of different grading profiles on the properties of light
propagation are also described bymeasuring the delay time for the proposed structures. Figure 7(b) shows the
calculated group delay times for the structures with different graded-index systems at layer thickness
=d 100 nm.Wenote that the group delay time t( )with femtosecond ( )fs unit isminimal at the center of

PBGs.Group delay time stretches sharply with high values at the edges of PBGwhere group velocity changes
rapidly with frequency. The aspect ofminimumvalues of time delay is a consequence of theminimumoptical
penetration into the structures at the center of PBGs.Group delay times under the PBG regions are also shifted
downward to the frequency and have different peak values at the edges of PBGs for the strictures with
hyperbolic, exponential and linear graded-index systems, respectively. The distinct peak values of group time
delay at the lower and higher band edges of PBGs for the various proposed structures are a result of the change of
the group velocities under the influence of the different gradation profiles. Thus, the group velocity and delay
time can also bemodulated as the combination of the different grading index profiles.Moreover, we observed
that the group velocities and group delay times are invariant for the arrangement of increasing and decreasing
gradation profiles in theGPC structures.

In order to better realization of the effects of the combination of different grading profiles on the
propagation of light in the double periodic GPC structures, we have calculated the spatial distribution of the
squaredmagnitude of the electric field ( )E x at selected frequencies that impinge at the 100% and 0% reflection
conditions for theGPC structures. The results are shown infigure 8. Panels (i) and (ii) of thefigure respectively
show the variation offield intensities for the structures with a periodicity of the two possible combinations of
increasing and decreasing gradation profiles of the proposed graded-indexmedia. The effects of the
combination of gradation profiles on the distribution of the electric field for =d 200 nm are significantly
noticeable.We have selected the frequencies 600 THz and 663.4 THz for hyperbolic, 800 THz and 769.8 THz
for exponential and 750 THz and 700.9 THz for linear graded-index systems stackedGPCswheremaximum
»( )100% andminimum (»0%) reflection conditions are satisfied. The electric field intensity distributions
within the proposed structures at the selected frequencies are demonstrated infigure 8. It is found that the
electric field intensities change due to changing the values of reflection and transmission coefficients under the

Figure 7.Panels (a) and (b) show the variation of group velocities ( )vg in unit c (light velocity) and group time delay t( ) for the
considered double periodic GPC structures with layer thickness =d 60 nm.
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influence of the different combinations of grading profiles. For different combinations of grading profiles, the
filed distributions are also having different form and intensities values, although the initial and final refractive
indices of the gradedmedia are the same. Thefield intensities for the arrangements with the periodicity ofHH′,
EE′, and LL′ systems show the higher values as compared to the arrangements with the periodicity ofH′H, E′E,
and L′L systems, as clearly visible in the figure. Thefield intensities concentratemaximumenergywithin the
structures for 0% reflection conditionwhile its changewith propagation depth by increasing the value of
reflection coefficients, and its approach to negligible for 100% reflection condition for all the cases.

4. Conclusion

In this work,We have investigated the influence of different graded-indexmedia on the optical reflectance,
dispersion spectra, phase shift, group velocity, delay time and field distributionwhich conclude the photonic
characteristics in the 1Ddouble periodicGPC structures. It is found that the operating frequencies and the
generation of a number of PBGs can bemodulated considering into account the different grading profiles and
their arrangements. The number ofmulti-channel PBGs increases with layer thickness. The band region and
bandwidth of PBGs can be tuned by controlling lattice parameters, grading parameters, and profiles. The
bandwidths of PBGs are strongly dependent on grading profiles. The variations in band region and bandwidth of
PBGs are distinct for different grading index profiles and their arrangements as the saw-tooth index profiles. The
changes in the operating frequencies of PBGs are generally shifted toward lower frequency respectively for the
structures with hyperbolic, exponential, and linear graded-indexmedia.We have also demonstrated the
substantial influence on the reflection phase shift, electric field distribution, group velocity, and delay time for
the proposedGPC structures. As the interferencemagnitude changes with the number of unit cells and different
grading profiles, we observe the noticeable changes in group velocity and delay timewith crystal length. The
unique change in the photonic properties points to the possibility of various photonic applications.We can tune
and achieve the desired photonic characteristics by selecting the necessary parameters in the proposedGPCs.
GPCs can be utilized to design various photonic devices such asmirrors,multi-channel filters, optical sensors,
and other photonic devices. This researchwill also reveal a layout of understanding the effect of different saw-
tooth grading profiles on the photonic properties in the differentGPC structures.
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