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Abstract

®

CrossMark

In this communication, the transmittance characteristics of one dimensional quasi-periodic
photonic crystals (PCs) is investigated. The proposed structure consists basically of plasma and
nanocomposite layers arranged in accordance to the Fibonacci sequence. The effect of volume
density of the plasma and the volume fraction of the nanocomposite material on the properties of
the photonic band gaps are studied in detail. The effect of layers thicknesses and the sequence
number are also taken into account. We believe that such structures can be potentially beneficial
in many novel future applications such as multichannel and pass band filters and optical
switches. Additionally, such PCs can be used to design tunable optical devises through

controlling the plasma and nanoparticle densities.
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1. Introduction

The exceptional characteristics of photonic crystals (PCs)
have been receiving an increasing interest in physics and
engineering [1-4]. These distinctive properties of PCs arise
from the exhibition of the photonic band gaps (PBG) [5-7], a
frequency region at which electromagnetic waves cease to
propagate within the structure. Accordingly; variety of
applications such as sensors, perfect reflectors, optical filters
and logic switches have been established [8—10]. The struc-
ture of the PCs (including number of periods, thickness of
layers and permittivity) has a great effect on the PBGs width
[3, 11-13].

To enhance performance, scientists have been attempting
to use different PCs constituent materials such as metals,
superconductors, left handed materials, plasmas and
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nanoparticles [4, 12, 14-17]. Unluckily; metals, especially
below the plasma frequency, are highly absorbents [18] and
superconductors operate at special conditions and tempera-
tures. Left handed materials are generally operating at GHz
frequencies and those operating at optical frequencies are still
a big challenge [19-21].

To reduce the absorption, researchers have recently used
nanocomposite materials in which metal nanospheres are
embedded into a dielectric material [12, 15, 22, 23]. PCs
comprising nanocomposite materials have been reported to
exhibit new PBGs in the plasma region of the material that are
very sensitive to the polarization mode of the radiation
[24, 25]. Moreover, the metallic nanocomposites are experi-
mentally demonstrated for a great number of applications
such as switches, optical filters, PC-integrated polarizers and
harvesting of light [25-27]. Asad et al [26] fabricated a one
dimensional PCs of metallic nanoparticles in a host material
of polymer for the switching purposes. The novelty of using
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nanocomposite materials rests on the possibility of limited
values of absorption due to the limited concentration or
volume fraction of the metallic nanoparticles. Such response
could be of interest in many applications that depend on the
high contrast and efficiency reliance to the appearance of
Fano resonance near the plasmonic frequency [26].

Considerable efforts have been also directed to plasma
photonic crystals (PPCs) because of the distinct beneficial
applications such as manipulation of electromagnetic radia-
tion and optical flip flops [4, 28-31]. Applications of PPCs
like plasma stealth aircrafts, plasma lenses and plasma
antennas [32-34] are now widely developing. When plasma is
used in PCs, the time varying controllability and strong dis-
persion features are added [35]. According to these features
together with the controllable electron density of plasma and
response to magnetic fields [31, 36-39], these PCs can
operate with electromagnetic waves ranging from microwaves
to THz waves. In spite of showing immunity to electro-
magnetic waves propagating within plasma dispersive media
below its plasma frequency, researches have ascertained that
when combined with dielectrics in PPCs, the electromagnetic
waves could be guided [4, 30]. Tunable properties of di-
electric PPCs have been also reported [31, 40].

In recent times, a rapid growing interest has been given
to quasi-periodic PCs due to their amusing properties over the
conventional PCs [13, 23, 41, 42]. One of the most important
technological features in simulating one dimensional photonic
quasi-periodic crystals is that they are much closer to reality
than ordered periodic PCs [41]. Another attractive property is
that the PBGs in quasi-periodic PCs could be designed to
enlarge band gaps width of light in any frequency range. It
has been also shown that such band gaps are insensitive to
changes in both polarization of electromagnetic waves and
angle of incidence [43, 44]. Possibility of having multiple
forbidden gaps within the spectrum is potentially leading to
important applications [41, 44].

The term quasi-periodic crystals or quasi-periodic are
defined as intermediate systems between totally periodic
crystals and amorphous solids [45-47]. They can be also
accounted for as structures incorporating non periodic
refractive index artificially modulated materials [31].

Among the one dimensional quasi-periodic PC types,
Fibonacci quasi-periodic crystals has been exposed to wide
experimental and theoretical studies after they have been first
introduced in the middle of the 1980s [13, 41, 42]. The for-
bidden frequency regions called pseudo band gaps within the
transmission spectrum is analogous to the electronic band
gaps in semiconductors. The earlier quasi-periodic PCs were
based on conventional materials such as dielectrics, metals
and superconductors [5, 42]. Most recently; nanocomposite
materials have been given a considerable interest because of
their superior properties in designing and fabrication of PCs
[12, 15, 23]. Theoretical studies of the transmission properties
of a Fibonacci based quasi-periodic PCs having nano-
composite materials assured that such structures exhibit
multiple PBG.

In this study, however, we investigate in details the
transmission characteristics of one dimensional quasi-periodic
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Figure 1. The transmittance spectrum versus the wavelength of the
incident electromagnetic waves.

PCs including both nanocomposite materials and plasmas
arranged due to Fibonacci sequence. The nanocomposite
material is made of Ag metal nanospheres randomly
immersed in a dielectric host material (SiO,). The plasma
frequency is chosen to be in peta hertz region (UV frequency
band). The effect of various parameters on the proposed
structure is numerically investigated through the transfer
matrix method. The effect of layer thicknesses and the plasma
density on the properties of the proposed structure are studied.
The volume fraction of the nanocomposite material and the
sequence number of Fibonacci quasi-periodicity is also
investigated.

Our paper is organized according to the following pat-
tern. The theoretical framework is discussed in section 2. In
section 3, we present our numerical results. Finally, section 4
recapitulates the summary and conclusions.

2. Theoretical formulation

The PC structure under consideration consists of sequences of
periods of two layers each comprising a plasma medium of
thickness d, and refractive index n, adjacent to a nano-
composite material of thickness dp and refractive index np.
Quasi-periodicity of the proposed structure is based on
Fibonacci sequence [13, 39, 40] in which the (j + 1)th layer
is expressed as S ={S, Sj—1}; j=1 such that
So = {B}, S; = {A}, where A and B represent the plasma
and nanocomposite media; respectively. The number of layers
is simply N;;; = N; + N;_;.

The plasma layer permittivity depends on frequency
according to the relation [30, 33, 35]:
Wi

2 _ ’
w* — iwys

n2:€A:1—

(D

where, 7,4 is the loss factor, w, is the plasma frequency given



Phys. Scr. 95 (2020) 035504

H A Elsayed and M M Abadla

1
LA A
TR s h
£ g 1 I ll L l|
0.8 Il uoN ', n],,,,,,l ll
- i [ T n - ]
H 11 Fhgel i Hi
n Py o b
0.6 8 1 B | " I it 1
- byt g
= Iy ! Ly : I‘i 1!
Iy Ip 111 (it
0.4 i - 1 1
I ] : H 1
[ , ¥ 1 b “
] [HI 1
0.2 n ll v l l ‘
1 i ') \
1Y v/ \
1 1 1 N
[ 1
200 300 400 500 600 700
A (nm)
1 f 1
9 1 =
1
] 1
0.8} : 1
1
] !
[
P - 1
0.6 K i : n,
[
[ n
= [ fl ﬁ ,}
1
0.4} i = :: T
TR I ': ':
Ealg 1 R Iy 0
0.2 1 sn I
11 I 1 l|
JO RN
- | -~ ) - v
300 400 500 600 700
A (nm)

1
N N
m 1
i T
089~ H1 I 1
1] n f 'l [ |
1 a n 'l 1]
0.6} mit 3 i 1 L
. 1 1 ] (4] ll Ll
= 1 L] i 1 11
H 0o il o
! M g 1
04,,!," i gt M-
’ =|H TR} R
1 1 L 1y f
' THH T
1 duf X iy e P
0.2| I| q w 1 [ll 1 ] )
1 ’I v (U] 1 ‘ f "
1 ||I v i ] 1 ! ‘v
11 ] 1 H 1 !
= I‘ — Vo -~ U
200 400 500 600 700
A (nm)
1
d
08 R4
0.6} '
e i
0.4] ' :
Ig A
]
1 E!
0.2} '=I'I “
Iyl ]
1 p¥ Al
[ A B LV} |
300 400 500 600 700
A (nm)

Figure 2. The effect of the volume density of plasma layer on the transmittance properties of the one dimensional quasi-periodic PCs at

constant thicknesses of the nanocomposite and plasma layers: (a) n = 1 x 10%¥ m™,

n=4x10%m?

by:

l’le2

e 2)

mey

Wy =

Here, n is the volume density of electrons, e electronic charge
and m is the electronic mass. All media are considered non-
magnetic so that the relative permeability is unity for all
layers. The other layer is the nanocomposite material of
permittivity given by the Maxwell-Garnett formula [48, 49]
as:

em + 2eq4 + 2f(em — q)

2
Np = € = £ (3)
B ot ¢ €m + 264 — f(em — €q)

such that: g4 is the permittivity of the dielectric host material,
€m 18 the permittivity of the metal nanoparticles and f is the
volume fraction of nanoparticles. Permittivity of the metal
nanoparticles is given from Drude model as:
2
w
En =60 — ——o— )
w*” + 1wyB
€o being the relative permittivity of metal, wp the plasma
frequency and ~p the frequency damping factor given by:

1%
B =0 + qf, Q)

®)n=2x10%m>3,(c)n=3 x 10°m > and (d)

where, 7 is the decay constant, g =1 is the electron surface
scattering from the nanoparticles, a is the radius of the
nanoparticles and vg is the velocity of electrons at Fermi
energy.

The laminar structure of the PC layers is directed along
the z-axis so that the tangential electromagnetic components
of the planer waves entering the crystal are confined to the x—y
plane. At any interface within the jth medium, the transverse
electric field (with el*~«") dependence) is given as:

F)‘ — Ajefiij + Bjeiij’ (6)

where, F; denotes the field normal to the plane of incidence (
i.e. electric field in TE waves or magnetic field in TM ones),

ki = \Jkjn? — 3* = konjcos 0; is the wave number and

B = kon; sin 0; is the propagation constant along the z-axis
and 0; is the angle of incidence measured with respect to x-
axis. The amplitudes A;’s and B;’s can be calculated through
the boundary conditions. The other z-component of the
electromagnetic field can be calculated to be:

Gj = Olj[Ajeii kx _ Bjei ij] (7)

o kf)p ;) %5[ provided p; = 1 in all
layers. Matching fields at the surrounding interfaces and

such that: o; = 3P =



Phys. Scr. 95 (2020) 035504

H A Elsayed and M M Abadla

1
] %
2) i A ".l 8
§ !ll :‘ (T 0
08 T [
I
I,!: Pty N1 g i
HETE L IR I
0.6 L] (] I 11y ]
[HE T G i
= HE L. v i
'I n o, 1 1
0.4 ! I
’ 1! 1 |
v ! 1 1
(W \ 1
0.2 ‘..’ [ ]
. i :
I \
1 \ ;’
I S
0 -
300 400 500 600 700
A (nm)
1
¢)
08
0.6
= i I
1 !
04 T i
1] i
oy
0.2 LT
i =
1
]
0 300 400 500 600 700
A (nm)

1
b)
0.8 ;
i
I
0.6 -
i
i
0.4 N
oy
]
H N
0.2 TR
Iy Ill
1 'l.
TYH.]
0 - JAT
300 400 500 600 700
A (nm)
1
d)
0.8
0.6
H
0.4 i
h 1
: : :
0.2 il i ]
1] 1} B
inn iIg! ]
N e I A
440 460 480 500 520 540 560 580
A (nm)

Figure 3. Variations of the transmittance properties of the one dimensional quasi-periodic PCs with the thickness of the plasma layer: (a)
ds = 10 nm, (b) d4 = 30 nm, (c) d4 = 50 nm, and (d) a detailed description of the resonant modes at d4 = 50 nm.

carrying out some mathematical arrangements, the transfer
matrix [50, 51] relating the fields across one layer can be
given as:

6 g 6
cos  —siné;
M] = (%] 5 = A’ B, (8)
iagsin & cos §;
1 nZ sin?0),
where, & = k;d; cos 0;, 6, = cos 1 — ==

n
Now, the transfer matrix of the (j + 1)th sequence of a
Fibonacci structure is:

My,

M
M =MM, | = (le 12).

; 1
M, -
such that: My = Mg and M; = My,.
Having evaluated the matrix, the transmission coefficient
is written as:
- 2a,
(M1 + Mypa) ey + Moy + Moo )

®

Accordingly; the transmittance of the whole structure is then:

7= ¢ (10)

Qo

3. Results ad discussions

In what follows, we present the numerical results that describe
the transmittance characteristics of our structure in a broad
band of the electromagnetic waves from UV to visible light.
These results are mainly investigated in view of the theor-
etical formulation described in the previous section. Here, the
one dimensional quasi-periodic PC is designed using Fibo-
nacci sequence of the 9th order. The plasma layer (layer A)
has a volume density =2 x 10®*m™> and loss
factor = 6.283 x 10’ Hz. The nanocomposite layer (layer B)
is designed from nanoparticles of silver (Ag) arranged into a
dielectric medium of SiO,. The silver nanoparticles are spe-
cified with plasmon frequency = 1.365 x 10'®Hz, decay
constant = 3.035 x 10'3 Hz, relative permittivity = 5 [22],
spherical radius = 20 nm and volume fraction = 2 x 107>
Wherein, the values of the parameters for the metallic nano-
particles are chosen to be compatible with the theoretical and
experimental previous works [22, 25-27]. Then, the host di-
electric material is characterized with permittivity = 2.13.
Thicknesses of layers A and B are chosen as 20nm and
100 nm, respectively. We consider the case of normal inci-
dence for the upcoming investigated results. The main pur-
pose of our results is to demonstrate the effect of the
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Figure 4. Transmittance properties dependence on the thickness of the nanocomposite layer for: (a) dg = 200 nm, (b) dg = 300 nm and (c)

dg = 400 nm.

characteristics of the plasma and nanocomposite layers on the
transmittance characteristics of our structure. In addition,
thicknesses of the constituents and the sequence number will
be also taken into consideration.

Figure 1 shows the transmittance characteristics of our
design through the different wavelengths of the incident
electromagnetic waves. We observe the appearance of four
PBGs along the wavelengths of interest. This number of the
PBGs could be promising in many optical and physical
applications especially through this region of the electro-
magnetic waves. The first PBG appears at UV wavelengths
between 159 and 185.7 nm with width 26.7 nm. The second
one is also formed within the UV limits with width 101.5 nm.
This PBG is the largest one among the four PBGs. The third
and fourth PBG appear through the visible light region with
widths 32nm and 58 nm, respectively. Here, the reason
around the presence of this number of the PBGs is due to the
nature of the quasi-periodic structure formulation. Wherein,
the quasi-periodic PCs contain many different forms of per-
iodicity compared with the binary or ternary PCs.

In figure 2, the role played of the electron volume density
of the plasma layer on the transmittance response of the
structure is carried out. The figure shows the significant effect
of this parameter on the number, widths and positions of the

produced PBGs. Atn = 1 x 10*® m ™, two PBGs are formed
in the UV region as shown in figure 2(a). These two gaps
have widths of 22.7nm and 80.4 nm, respectively. As the
value of the volume density increases to 2 x 10%8 m_3, the
number of the PBGs increases to four as shown in figure 2(b).
Furthermore, the widths of the two PBGs in the UV region
also increase to 26.7 and 101.5 nm with a little shift down-
wards the short wavelengths.

Upon increasing the volume density to 3 x 10*® and
4 x 10®m™3, as in figures 2(c) and (d) the widths of the
PBGs begin to increase accompanied with larger shifting to
the short wavelength region. In addition, the edges of the
other two PBGs formed through the visible lights become
sharper compared with the case studied in figure 2(b).
Moreover, a new gap begins to appear at wavelengths greater
than 600 nm. These changes in the characteristics of the PBGs
are due to the strong dependence of the plasma frequency on
the volume density. Such effect leads to a great variations on
the values of the refractive index of the plasma layer and the
contrast between the refractive indices of the nanocomposite
material and plasma layers as well. Accordingly, the tun-
ability of the PBGs could be verified based on the variation of
the value of the volume density of electrons. This result
demonstrates the significant importance of quasi-periodic PCs
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Figure 5. The transmittance dependence on the volume fraction of the metallic nanoparticles for: (a) f = 2 x 1073, (b) f=2x 1072 and (c)
f=12 x 107", (d) The variation of the absorption values of the volume fraction.

in the tunability of the PBGs over the previously investigated
traditional PCs [4, 22, 52]. That is, both the number and the
width of the PBGs could be remarkably controlled. In these
works, the width of the PBGs instead of the number of the
PBGs is affected despite the variation of similar parameters
such as volume density of plasma and volume fraction of the
nanocomposite material.

The behavior of transmittance of our PC according to
changes in the plasma thickness is demonstrated in figure 3.
The volume density of the plasma is set to be 2 x 1028 m
and the thickness of the nanocomposite layer is 100 nm. As
the thickness of plasma increases from 10 to 30 nm, the
number of the PBGs increases as well as the widths of these
gaps as shown in figures 3(a) and (b), respectively. Further-
more, these gaps are shifted downwards to the UV wave-
lengths. For further increase to 50 nm, the transmittance
follows a different behavior, especially through the visible
wavelengths as shown in figure 3(c). This change is included
in the appearance of many resonant peaks with different
intensities at wavelengths greater than 445nm as clearly
predicted from figure 3(d). This result could be of potential
use in preparing a pass band optical filter for specified
wavelengths in the visible light regime. This is a new
advantage of quasi-periodic PCs over the totally periodic

ones. Here, the appearance of the discontinuous electro-
magnetic waves within the transmittance spectrum could be
considered to be a considerable advantage over the one
dimensional defective PCs [7, 53]. These resonant modes
appear without the insertion of a defect layer through the
structure at different wavelengths with different intensities.
Thus, our structure exhibits an additional valuable feature to
the quasi-periodic PCs over the pure and defective PCs in
producing the stop and pass bands together.

The effect of the nanocomposite layer thickness on
transmittance is investigated in figure (4). Wherein, the
thickness of the plasma layer is set to 20 nm. The thickness
takes on the values: 200, 300 and 400 nm. As the thickness
increases, the number of the PBGs also increases (relative to
figure 1 above) especially in the UV region. Moreover, the
width of the PBG formed in the visible light is significantly
increased upon using 200 nm thick plasma as shown in
figure 4(a). Therefore, the thickness of the nanocomposite
layer may also investigate the tunability of the PBGs. At
higher thicknesses however, multi PBGs evolve again.

To demonstrate the effect of other parameters on the
transmittance behavior of our design, the plasma layer and the
nanocomposite layer are fixed to 20 nm and 100 nm, respec-
tively. The volume fraction of metallic nanoparticles,
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Figure 6. The variation of transmittance with the permittivity of the dielectric host material for: (a) Y,Os3, (b) TiO, and (c) Si.

permittivity of the host material and the order of Fibonacci
sequence are then set to investigation.

In figure 5, the effect of the volume fraction of the
metallic nanoparticles on the transmittance is studied. Com-
pared with the results investigated in figure 1, as the volume
fraction increases from 2 x 107> to 2 x 1073, the number,
the positions and the widths of the PBGs are hardly unaf-
fected as clearly shown in figures 5(a) and (b). The maximum
attainable transmittance decreases dramatically with increas-
ing the volume fraction of silver nanoparticles especially after
370 nm wavelength light. This is accounted for as a matter of
increasing absorption due to the dense metallic particles
especially at frequencies smaller than the plasma frequency of
the metallic nanoparticles (relatively close to visible fre-
quencies). This is clearly shown in figure 5(d). Thus, the low
volume fraction is preferred in our design because of the
limited absorption values at the wavelengths of interest for
such value. Therefore, the investigated results in figure 5(d)
completely agree with the experimental procedures [26] on
controlling the absorption values through lowering the
volume fraction of the metallic nanoparticles. Therefore, the
controlling of the volume fraction values could present a good
solution to avoid the high absorption values that could appear
particularly in the visible and IR regions [52].

Figure 6 investigates the transmittance response of our
structure to variation of the dielectric host permittivity. As the
dielectric host material (SiO;), shown in figure 1, is replaced
with Y,03, TiO, and Si, transmittance of our quasi-periodic
PC is affected considerably as shown in figures 6(a)—(c),
respectively. The PBGs are shifted towards the long wave-
length regions with the appearance of new gaps within the
UV regions. Moreover, the widths of these gaps increase with
the increments of the permittivity of the host material.

Finally; in figure 7, the transmittance properties upon
changing the Fibonacci sequence order (actually, the number
of overall layers). In the case of the 7th order sequence, there
are only two PBGs that appear in the UV region with absence
of the gaps in the visible wavelengths as shown in figure 7(a).
As the order of the sequence increases to 9th, 11th and 13th,
new gaps within the visible region are obtained as shown in
figures 7(b)—(d), respectively. Furthermore, the number of
these gaps is significantly increased to reach six gaps in the
case of the 11th order and ten gaps for the 13th order. That is;
different forms of quasi-periodicity give rise to different
numbers of PBGs obtained in the transmittance spectrum.
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4. Conclusion

We theoretically investigated the transmittance properties of
one dimensional plasma nanocomposite quasi-periodic PCs
through a broad band of electromagnetic waves from UV to
visible light regions. The transfer matrix method is used to
describe the theoretical framework and the investigation of
the numerical results. The results show the appearance of
more than four PBGs along the wavelengths of interest.
Thicknesses of the constituent materials as well as the plasma
density have a significant effect on the properties of the
produced PBGs. The volume fraction of the nanocomposite
material could be crucial in controlling absorption of the
structure. Furthermore, the sequence number plays an
important role in determining the number of PBGs appearing
within the spectrum. Finally, our structure could be of
potential use in controlling the propagation of the electro-
magnetic waves of wavelengths from UV to visible light
regions besides the ability of using such design as a multi-
channel optical filter. In addition, plasma and nanoparticle
densities could be used to construct a regime for controllable
PC outputs.
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