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In the present work, we demonstrate the transmittance properties of one dimensional (1D) quasi-periodic

photonic crystals that contain a superconductor material and a hyperbolic metamaterial (HMM). A HMM

layer is engineered by the subwavelength undoped and doped Indium Arsenide (InAs) multilayers. Many

resonance peaks with angle stability are obtained from the proposed Fibonacci sequence structure using

the transfer matrix method (TMM). In this case, the Fibonacci sequence serves as the mainstay in the
design of our structure. The permittivity of the utilized superconductor and the HMM are also analyzed,

respectively. The numerical findings showed that the incident angle has no effect on the wavelength

positions of the resonance peaks. The effects of many parameters such as the superconductor material
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thickness, Fibonacci sequence number, and sequence type are discussed for the proposed structure. At

various operating temperatures and superconductor material types, the transmittance characteristics of
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1. Introduction

During the last four decades, the interaction of electromagnetic
radiation with synthetic periodic structures has significantly
increased because of its importance in numerous physical,
optical, and clinical applications. Later in the literature, these
periodic arrangements are referred to as photonic crystals
(PCs). Because of the development of photonic band gaps
(PBGs) and photon localization, PCs are involved in the
confining and guiding of incident electromagnetic waves.*™**
The PBGs can prevent the incident electromagnetic waves of
specific frequencies from passing through them.">° The phys-
ical explanation of the formation of these PBGs is described by
the interference of Bragg scattering at the interfaces of the PC
component materials,”** while periodic modification of the
refractive indices of PC component materials may cause such
scattering.*»** On the other hand, the directing of incident
electromagnetic waves or photon localization is caused by the
periodicity of PCs being interrupted by addition or deletion of
a layer from the periodic structure. In this instance, one or more
discontinuous electromagnetic waves may occur inside the PBG
as a result of the disordered and abnormal PCs.* Many optical,
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the proposed structure were also examined. The designed structure can serve as a combination of pass/
stop band filters for near-infrared (NIR) applications.

physical, and clinical applications, such as optical reflectors,*
filters,** gas sensing,* switches,?® salinity detection,* integrated
circuits,*® biomedical sensors*»*® and light harvesting for solar
applications,*** may depend heavily on the original charac-
teristics of PCs. Furthermore, PCs are dominating in a variety of
potential applications, including cancer diagnosis,* clinical
analysis and food poisoning,* and structural color applica-
tions.*® Because of the inherent properties of quasi-crystals, they
have recently gained a lot of attention in the world of PCs. The
transitional state between ordered and disordered PCs is rep-
resented by quasi-periodic PCs.***” Furthermore, because quasi-
periodic PCs exhibit more than one form of periodicity, an
advantage of these structures is over regular PCs in terms of
managing the quantity and width of PBGs.***' In contrast,
quasiperiodic structures can be created using a variety of
sequences, including Thue-Morse, Fibonacci, Rudin-Shapiro
and period doubling.** Furthermore, due to their low decay rate
and rich self-similar structure, quasi-crystals are preferred in
photon localization.*®

Meanwhile, the incorporation of dispersive elements in PCs
such as semiconductors,**** metals,***” and
superconductors,***® has a considerable effect on PBG modu-
lation. The tunability in PC can occur. Because of the significant
influence of temperature and external magnetic field on
permittivities, such materials have a tuning advantage. Super-
conducting materials, on the other hand, have an advantage

© 2023 The Author(s). Published by the Royal Society of Chemistry
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over other forms of dispersive materials. At frequencies below
the superconducting gap, the dispersion of incident electro-
magnetic waves caused by the imaginary part of the dielectric
function is significantly lower than for metallic particles.”” As
a result, the dielectric losses induced by superconducting PCs
are comparable to those caused by metal PCs.

The anisotropic dielectric hyperbolic
(HMM)*-** with the hyperbolic shape of the dispersion relation
can be described by the effective medium theory.*>** Without
loss of generalization, HMMs with varied dielectric constant
tensors can be created by combining and stacking metal,*
graphene,* or plasma®® with regular dielectric. It is well-known
that the filling rate change and the physical characteristics in
HMM can affect the value of the dielectric constant tensor.

When electromagnetic (EM) waves propagate in HMMs due
to the hyperbolic equal frequency dispersion, there are some
unusual optical and physical phenomena near-infrared
frequency regions®” and in the terahertz,*® such as improving
the photon density of the state® and supporting high propa-
gation wave vectors,® which may be useful in high-resolution
imaging® and optical waveguide structures.®

Furthermore, HMM can improve the rate of attenuation of
its surface radiation source, allowing for a variety of uses in the
construction of efficient absorption materials.®*** Devices with
and without angle sensitivities have emerged as a new research
focus in recent years. The former (previous) is useful for angle
filtering and sensing,*® while the latter is useful for waveguide
and omnidirectional devices.®® Kong et al.*” investigated thor-
oughly the angle insensitive multi-channel absorber made of
non-linear plasma and complementary metamaterials. They
stated that changing the periodic number could change the
number of absorption channels. Guo et al.®® designed and
experimentally validated spaced photonic structures with
optical broadband oblique filtration. The numerical findings
demonstrate that the range of the angular selection region.
Also, the maximum width of the half passband may be modified
by varying the number of elements composing the stagger
parameters and the stagger structure. Tanaka et al.*® theoreti-
cally investigated the parameters of 1D-photonic crystals with

metamaterial
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circularly polarized light oblique filtration, which is required in
a wide range of applications. They also demonstrated how to
create a visible reflection angle filter. Ma et al.”® look into the
characteristics of HMMs made up of plasma and regular
medium and use it to build Thue-Morse sequences. The
advanced structure then achieves single-frequency reflection in
absorption (SFRA) with angle stability after selecting the
parameter optimization.

In our paper, we will go over the characteristics of HMM
made of undoped InAs and silicon-doped InAs where designed
in quasi-periodic PC in case of Fibonacci sequence. Moreover,
we obtained many resonance peaks in our structure near-
infrared (NIR) range with more angle stability.

In this work, we alternate this type of single-material HMM
layer with superconductor layer to construct a quasi-periodic PC
in case of Fibonacci sequence, and then establish an angle-
insensitive due to resonance peaks NIR depending on the
phase variation compensation theory developed in ref. 71. In
fact, in the suggested structure, a single-material system
composed of undoped and doped InAs that may be manufac-
tured using molecular beam epitaxy.”> We investigate the
effective permittivity of the HMM and the superconductor
material NIR. Additionally, we demonstrated how the thickness,
operating temperature, and type of superconductor layer
affected the outcomes. The number of the periodicity of HMM
inside the structure, Fibonacci sequence number, and sequence
type are studied as well. Finally, the effective medium theory
and the transfer matrix method (TMM) are used to investigate
the effects of incident angle, on the performance of resonance
peaks.

2. Simulation model and theoretical
method

The standard two fluid model can be used to explain the
frequency dependence of the permittivity of the superconductor
material.” So, the form of complex conductivity can be used to
express the electromagnetic response of a superconductor as o

= 0, — io,, where ¢; and ¢, represent the losses caused by

(B)
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Fig.1 (A) Schematic of the subwavelength multilayer (CD)® made of undoped InAs and silicon-doped InAs, those layers mimic (imitated) single-
material semiconductor HMM layer. (B) Diagram of the dielectric and HMM iso-frequency curves under TM polarization.
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regular electrons and super-electrons, respectively. The imagi-
nary portion is written as™

1
wpo :

0= 1)
where 4, is the temperature-dependent London penetration

depth (LPD),” denoted as
Ao

A=AT) = —20
11— (T/T.)

(2)

And A, is the penetration depth at T = 0 K, T, is the transition
temperature of the superconductor, and 7T is the operating
temperature. The superconducting phase disappears at T¢, but
at T — 0 K, the contribution of normal electrons is insignifi-
cant, and conductivity decreases to”

—i

(3)

g=—0)= ——
2
ok

Therefore, the permittivity of the superconductor can be
described as
C? s

ea=1———=
wzklz

o (4)
where C is the velocity of light in vacuum and wy, is the
threshold frequency of the superconductor material.

As illustrated in Fig. 1A, we mimic (imitate) the HMM layer
with a subwavelength single-material semiconductor multilayer
comprised of alternating undoped and doped InAs layers. (CD)®
refers to the subwavelength single-material semiconductor
multilayer, where C represents the undoped InAs layer with the
relative permittivity ¢ = nc® = 3.5 (ref. 77) and D depicts the
silicon-doped InAs(Si:InAs) layer with the relative permittivity D.
The Drude model” can be used to determine the relative
permittivity of the Si:InAs layer.

w,?
&p = €inr(1 - m) (5)

where ;¢ = ec = nc® = 3.5% is the undoped InAs high-frequency
relative permittivity, w, is the plasma angular frequency of the

x- direction

- InAs

HMM B
|

L]
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bulk Si:InAs, and I is the scattering rate. Based on the experi-
mental fitting results, the parameter values are w,=3.25 X
10" Hz and. I' = 1.90 x 10" Hz.” In this case, we choose p =
0.5 as the filling ratio of the undoped InAs layer. Two compo-
nents of the effective relative permittivity tensor of the sub-
wavelength InAs/Si:InAs multilayer (CD)® can be described in
terms of the effective medium theory.”

epx =pec T (1 — plep (6)
1 1—
I (1-p 7)
€Bz &c €D
2 2 2
B pEA o= (—TC>7 for layer A (superconductor)  (8)
eA EA A
sz KB:2 2
- = ko", for layer B(HMM) 9)
€Bz EBx

Ko = w/c denotes the wave vector in vacuum.

Furthermore, the iso-frequency curves of the PC media can
be used to describe the process. The permittivity of the dielec-
tric layers A and B is defined as ¢, and ¢g, respectively. The iso-
frequency curves are shown in Fig. 1B(1). As the incident angle
of light increases, the wave vector components ks, and kg,
immediately decrease, whereas the horizontal component «, of
the incident wave vector increases. Therefore, we consider a PC
[AB]Y with HMMs, where medium A is a conventional dielectric
material and medium B is an HMM. The iso-frequency curves
for layers A and B are shown in Fig. 1B(2). It was discovered that
as k, increased, kg, increased in layer B while k,, reduced in
layer A. The shifting performance of the band edge in the PC
changes as the incident angle increases due to a phase variation
compensating effect in the unit cell made up of the HMM and
dielectric layers.®**!

We offer a quick introduction of the characteristic matrix
method that used to investigate the numerical findings. This
approach is used to describe the interaction of incident elec-
tromagnetic waves with macroscopic material.*> The one-
dimensional quasi-periodic PCs are made up of layers of
superconductor material layered with HMM in the Fibonacci

Si:lnAs | | Nb
A <3
Air

7, -direction

Fig. 2 Schematic diagram of quasi-periodic PCs of F, that configured as [Nb/(InAs/Si:InAs)®].
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sequence. The superconductor layer is denoted by the sign (A),
whereas the HMM layer is denoted by the symbol (B). The
complete structure is then submerged in air. As a result, the
Fibonacci sequence required to construct our design can be

5
T=4.2k
— T=6k
0 T=8k
z -5
z
g -10
k4
2
2
g .15
-20
-25
800 1000 1200 1400 1600 1800 2000 2200 2400 2600

wavelength (nm)

Fig. 3 The relationship between the wavelength of the incident
electromagnetic waves and the Nb permittivity at various operating
temperatures.
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derived as Fj;; = F; + F;_;. As a result, the Fibonacci sequence
employed to construct our design isj = 1 with F, = {B} and F,=
{A}, resulting in F, = F,F, = {AB}, F, = F,F; = {ABA} and so on.*®
The schematic illustration of the 1D quasi-periodic PCs based
on the Fibonacci type of F; is shown in Fig. 2. This illustration
was made to show how our quasi-periodic PCs interact with the
incident electromagnetic waves. The distinctive matrix method
was used to explain such interactions.®***

The response of Electromagnetic Waves (EMWs) through use
of PCs was simply investigated using the transfer matrix
method.?***” To specify our design, we used the matrix equation
below.

M12

M22> = (MaMg)" (10)

M, e
structure —
M,

M, and My are the characteristic matrices for the super-
conductor layer (layer A) and the HMM layer (layer B), respec-
tively, where:

]Mj _ ( FJOS")/j
—lq,smw

With, and 6; is the incident angle within layer j. The trans-
mission coefficient can then be calculated using the matrix
components in eqn (10), as shown below.

siny;

cosYy; (11)

) = (MaMy)"
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Fig. 4 The response of the real and imaginary parts of the permittivity tensor of the subwavelength InAs/Si:inAs multilayer (CD)® with the
wavelength of the incident electromagnetic waves at various filling ratio of InAs where (A) Re(egy), (B) Imgleg,), (C) Re(eg,) and (D) Img(eg,).
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Fig. 5 The transmittance spectra (TM polarization) of the designed
quasi-periodic photonic crystal [A(CD)®] at various incident angles.
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The transmittance can then be written as follows:

DPs |
T==— 14
Po’l‘ ( )

3. Results and discussion

On the basis of the theoretical model described in the previous
section, we now present the numerical results of our structure.
We show the transmittance properties of one-dimensional
quasi-periodic PCs across a wide range of incident electro-
magnetic wave wavelengths at normal incidence. Our results for
the case of F; are investigated, and the range is expanded from
800 to 2600 nm. The framework of our findings is based on the
effect of superconductor material and HMM characteristics on
the transmittance characteristics of Fibonacci-based structures.
Thus, we set the thicknesses of the superconductor layer
Niobium (Nb) and the single-material HMM layer to be d, =
30 nm and dg = 80 nm, respectively. A subwavelength InAs/
Si:InAs multilayer (CD)° mimics the single-material HMM. The
undoped InAs layer has a filling ratio of p = 0.5, where, the
thickness InAs and the thickness of Si:InAs are dc = dp = 5 nm
and periodicity of HMM s = 8 can be obtained. The HMM layer
unit cell thickness is only 10 nm (approximately 0.031 times the
designed Bragg wavelength), ensuring the accuracy of the
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Fig. 6 The transmittance spectra (TM polarization) of the designed quasi-periodic photonic crystal [A(CD)®] at various thickness of layer A (Nb)
where (A) d; = 30 nm, (B) d; = 40 nm, (C) d; = 50 nm and (D) d; = 60 nm.
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effective medium theory.®® The optical properties of the
proposed design have been demonstrated in the following
sections based on the prior analysis. Meanwhile, we introduced
the permittivity of superconductor material and HMM. We
studied the transmittance characteristic of quasi-periodic PC
containing HMM at different incident angle of EMW for TM
polarization. We showed how the thickness of the Nb layer d;
and the periodicity of HMM affect the suggested PCs trans-
mittance characteristics. Moreover, we studied the effect of the
operating temperature and the filling ratio of InAs in our
structure. Additionally, the transmittance properties of the
designed quasi-periodic PC have been used to demonstrate the
type of Fibonacci and the type of quasi-sequences.

Fig. 3 indicated the effect of the operating temperature on
the permittivity of the superconductor material through the
wavelength range from 800 to 2600 nm. Both the wavelength of
incident radiation and the operating temperature have
a significant impact on the permittivity. In Fig. 3, we observed
that the superconductor permittivity is increased by increasing
the operating temperature as 4.2 K, 6 Kand 8 K according to eqn
(1) and (2). The value of the London penetration depth varies as
the operating temperature increases, which have an effect on
the permittivity of the superconductor layer. Then, the permit-
tivity decreases with increasing the wavelength of the incident
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radiation where the permittivity has negative values for all range
of wavelengths.

Fig. 4 gives the response of the effective relative permittivity
of the subwavelength InAs/Si:InAs multilayer (CD)® through the
wavelength range from 800 nm to 2600 nm. Eqn (6) and (7)
could be used to quickly clarify such an effect. Wherein, at
changing the filling ratio, the permittivity of HMM material
along the x and z components change. This occurs as a result of
an increase in the filling ratio of InAs. As a result, the permit-
tivity of HMM material along the x and z components become
pronounced. This figure led us to the concluding that the real
Re(¢p,) and the real Re(ep,) are changing with changing the
filling ratio as shown in Fig. 4A and C, respectively. Wherein
both of them are increasing with changing the filling ratio of
InAs values as p = 0.35, p = 0.55, and p = 0.75. We observe that
as the wavelength increases, the real Re(eg,) and Re(ep,) are
essentially decrease. Fig. 4B and D depict how the imaginary
Img(ep,) and Img(ep,) tends to zero where they independent of
the incident radiation wavelength ranges.

Here, we investigate the transmittance spectra (TM polari-
zation) of the proposed quasi-periodic photonic crystal [A(CD)?]
for the case of F; at different incident angles of 0°, 30°, 60°, and
75° by using the transfer matrix method® as shown in Fig. 5. At
normal incidence, multi resonance peaks have formed NIR
region. Moreover, the intensity of their peaks are different. As
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Fig. 7 Transmittance spectra (TM polarization) of the quasi-periodic photonic crystal design [A(CD)®] at different periods in HMM layer (CD)*

where (A)S=2,(B)S=4,(C)S=6and (D) S=8.
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demonstrated in Fig. 5, there is a resonance peak has a fixed
position (called angle insensitive resonance peak). Other peaks
have slightly blue and red shift with increasing the incident
angle from 0° to 75° while their intensity are decreased. For
example, the resonance peak at 1562 nm unaffected for its
position but its intensity decreased from 0.54 to 0.49, to 0.43
and 0.33 when the incident angles changes of 0°, 30°, 60°, and
75° respectively. It is important to note that the insensitivity in
this peak occur according to Fig. 1B(2) where the phase-varia-

. . -, . P
tion compensation condition must be satisfied for 50 0 to be

obtained,* as shown in this equations

D(A,0) = ka-(4,0)dA + kp-(A,0)dp (15)
Since Jkp,/00 > 0 and 0k a,/00 < 0
00  Ka- Okp. ,
950" 90 A+ aedB—O. (16)

Additionally, slightly blue shift occurs for the resonance
peaks higher than the wavelength of 1562 nm and red shift
occurs for the resonance peaks less than 1562 nm due to
different values of the phase-variation compensation that may
be more or less than the value of dkg,/d6. The slightly blue and
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red shift do not effect on the feasibilities of the design as it not
reached to lower wavelengths, so these shifts cannot limit the
fabrication of such design.

In addition, Fig. 5 present the intensity of transmittance for
their resonance peaks in this wavelength range have signifi-
cantly decreased. Eqn (13) and (14) show how transmission and
incident angle are related. We discovered that as the angle of
incidence increased, the transmission decreased. This result
may be used as combination of pass bands and stop bands
filter.

In this section, we show how certain parameters affect the
transmittance characteristics of the suggested Fibonacci-based
structure. This study will be done at constant operating (7 =4 K)
temperature and filling ratio of InAs (p = 0.5). Fig. 6 depicts the
transmittance properties of the structure at various thicknesses
of superconductor (Nb) material. The resonance peaks are
significantly affected as the thickness increases from 30 to 40,
50, and 60 nm, particularly NIR region, as shown in Fig. 6b-d,
respectively. From Fig. 6, we found that the number of reso-
nance peaks (8) becomes constant but the intensity of the
transmittance decreases. Also, there is a definite shift towards
the higher wavelengths in the range (800-1600 nm) while there
is a shift towards the lower wavelengths in the range (1600-2600
nm). Wherein, the resonance peak at 1600 nm not shifted.
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Furthermore, using the following equation, this shift to the
higher wavelengths as thickness increases can be explained:**
@; = 2mtnd; cos(6;)/A 17)
where ¢ denotes the phase condition, d stands for the layer
thickness, A denotes the wavelength, ¢ is the incident angle, and
n the refractive index of a layer. According to eqn (17), this shift
of resonance peaks is occurred when the thickness of the (Nb)
layer is increased because the wavelength A increases with fixing
both the refractive index z and cos(6) values. The intensity of the
transmission of the resonance peaks decreases as the thickness
of the superconductor layer increases. This is due to a decrease
in the London penetration depth A,. The density of super-
electrons (n) inside the SC layer increase as the thickness of the
SC layer increases. The London penetration depth A; then

decreases according to the relationship 4> = ——.”% In this

equation, ng represents the superelectrons, q gives the charge, m
is the charge carriers mass, and u, denotes the permeability of
the free space. Since the London penetration depth decreases, it
suggests that the magnetic field of the incident electromagnetic
wave has less penetration inside the superconductor layer. As
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a result, the intensity of the transmission of the resonance
peaks decreases.

In the following study, we investigate the effect of the
number of periods of the HMM layer inside the suggested
structure on the transmittance properties. As the number of
period is increased, we noticed a difference in the number of
resonance peaks, as shown in Fig. 7. The periodic number of
HMM S = 2 results in two resonance peaks, as shown in Fig. 7A.
Moreover, with increasing S = 4, 6 and 8 as seen in Fig. 7B-D,
the number of resonance peaks increased until 8 resonance
peaks with different intensity as shown in Fig. 7D. Increasing
the HMM periodicity means increasing the thickness of this
layer. Therefore, as the HMM layer thickness increases,
different resonance peaks form at lower wavelengths, and the
number of resonance peaks increases, which can be useful in
some applications as a pass band and stop band filter. As
a result, we can choose S = 8 as the optimization value of HMM
periodicity.

The study that follows will look into the effect of operating
temperature on the transmittance. The theoretical model shows
a clear relationship between the permittivity of such super-
conducting material and the operating temperature. As a result,
there is a substantial different in the transmission spectra due
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Fig.9 The transmittance spectra (TM polarization) of the quasi-periodic photonic crystal design [A(CD)®] at various types of the superconductor
layer where (A) Ga with (T. =1.09 Kand 4; = 120 nm), (B) Nb with (T. = 9.2 Kand 4; = 85.7 nm), (C) VsSi with (T. =17.1Kand A4, =70 nm) and (D) V

with (T. = 5.3 Kand A, = 39.8 nm).
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to changes in operating temperature as shown in Fig. 8. The
results show definitively that the number and location of the
resonance peaks significantly change as the operating temper-
ature of the superconductor material increases. As shown in
Fig. 8A, the number, the position, and the amplitude are almost
unaffected by variations in operating temperature at low values
of the operating temperature, particularly for T < 4 K. For
further increase in the temperature, the resonance peaks shifts
to higher wavelengths as shown in Fig. 8C and D. In Fig. 8D, the
number of resonance begin to decrease with increasing oper-
ating temperature to T = 8 K, because the number of super
electrons has decreased relative to the number of normal elec-
trons.* Fig. 7 shows our observation that as the temperature of
the SC layer increases, the intensity of the transmission of the
resonance peaks increases. Eqn (2) provides an explanation for
this behaviour. It is clear from this equation that the LPD A
increases with increasing the temperature. Since the London
penetration depth increases, it indicates that the magnetic field
of the incident electromagnetic wave has more penetration
inside the superconductor layer. As a result, the intensity of the
transmission of the resonance peaks increases.

We investigate in Fig. 9 the dependence of the transmittance
spectra on the threshold frequency of superconductor material.
For using of Gallium (Ga) of T. = 1.09 K and A; = 120 nm (ref. 95)
in our design, Fig. 9A shows the appearance of 7 resonance
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peaks in all range of wavelength with highly different ampli-
tudes. For substituting Nb of T, = 9.2 K and, 4, = 85.7 nm (ref.
96), there are 8 resonance peaks which are observed NIR until
2250 nm as shown in Fig. 9B. Moreover, the position and the
intensity of this resonance peaks different that in case of Ga.
The positions of resonance peaks shift to lower wavelengths
where the intensity of resonance peaks are decreased. As Nb is
replaced with vanadium silicide (V3Si) with 7. = 17.1 Kand, 4, =
70 nm (ref. 95), the resonance peaks shifts to lower wavelengths
until reached to 1960 nm which are observed in NIR region. In
addition to, the intensity of their resonance peaks is slightly
decreased as seen in Fig. 9C. The position and intensity of the
resonance peaks with changing the threshold frequency of the
superconductor material. Finally, in the case of vanadium (V)
(T. = 5.3 K and 4 = 39.8 nm),” the resonance peaks extended
from 800 nm to 1330 nm NIR range and their intensity are more
decreased as shown in Fig. 9D.

Then, as shown in Fig. 10, we discuss the influence of the
number of sequences on the transmittance response of our
structure. The transmittance properties for the situation of F,
are studied in Fig. 10A. The figure shows the appearance of
resonance peaks with different intensity. According to Fig. 10B
and C, respectively, the number of resonance peaks starts to
increase as the sequence number rises to Fo and F;4, especially
through the low wavelengths region. Moreover, the intensity of
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Fig. 10 The transmittance spectra (TM polarization) of the designed quasi-periodic photonic crystal [A(CD)®] at various the sequence number

for, (A) F7, (B) Fg and (C) Fll-
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resonance peaks is decreased as comparable with the case of F.
In this case, increasing the sequence number results in more
forms of periodicity that could be useful in tuning the reso-
nance peaks.

Finally, as shown in Fig. 11, we have studied the effect of
using the various sequences. This figure shows transmittance in
the cases of the seventh Fibonacci number, the fifth Thue-
Morse number, and the fifth period doubling number. The
most basic form of the Thue-Morse sequence is defined by the
nested relations T,, = T,_1T,_, and T,," = T,,_,'T;,_, for (n = 1)
with Ty = A, T," = B. This sequence can also be constructed
using the inflation rules A — AB and B — BA. The Thue-Morse
generations are®*® Tp = A; Ty = AB; T, = ABBA; T; = ABBABAAB;
etc. On the other hand, the double period sequence is obtained
by D,, = D,_1D,_," and D, = D,,_y"D,,_; for (n = 1) with D, = A,
D," = B. In addition to that, the double period sequence
remains unchanged under the transitions A — ABand B — AA.
The double-period generations are®®® D, = A; D; = AB; D, =
ABAA; D; = ABAAABAB; etc. Fig. 11B shows how the resonance
peaks mostly follow a different path for Thue-Morse than for
Fibonacci. Here, the intensity of resonance peaks decrease and
their position becomes different. In the case of period doubling,
it almost follows the same procedure as Thue-Morse, as shown
in Fig. 11C. However, the intensity some resonance peaks

© 2023 The Author(s). Published by the Royal Society of Chemistry

increase and some other more decreased in comparable with
the case of Thue-Morse sequence.

4. Fabrication feasibility and
experimental tolerance

We present in this section the fabrication feasibility regarding
our designed one-dimensional quasi-periodic PC, which
consists of superconductor (Nb) and HMM based on the Fibo-
nacci sequence, which can be fabricated through several steps.
The fabrication of Nb layer, highly doped InAs and undoped
InAs layer is already occurred with high quality. There are some
examples of fabrication ultrathin films of Nb through
a combined structure and electronic analysis of niobium
ultrathin films (from 2 to 10 nm) formed in an ultra-high
vacuum on atomically flat R-plane sapphire wafers.'*****
Thinner than 3.3 nm, or almost the first measurement of
a superconducting state, hetero-epitaxy is not possible, as
shown by the textured polycrystalline morphology of the thin-
nest films. One monolayer (ML) is typically the thickness range
over which the superconducting critical temperature rises.
Standard nanofabrication methods can be applied to the thin-
nest superconducting sample (3 nm/9 ML), which has
a compensate critical temperature above 4.2 K, to produce air-

RSC Adv, 2023, 13, 18238-18252 | 18247
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Fig. 12 The transmittance spectra (TM polarization) under the effect of fabrication tolerance (A) normal thickness, (B) thickness +5%, (C)

thickness —5%, (D) thickness +10% and (E) thickness —10%.

and time-stable superconducting nanostructures that are
helpful for quantum devices.

By multilayer sequential sparking on niobium at substrate
temperatures ranging from room temperature to 250 °C, Md

18248 | RSC Adv, 2023, 13, 18238-18252

Nizam Sayeed et al. actually described the fabrication of
niobium tin (NbsSn) films.’** They examined the resistivity of
the superconducting films from room temperature to below the
superconducting critical temperature T.. The multilayers were

© 2023 The Author(s). Published by the Royal Society of Chemistry
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deposited at room temperature, yielding a film T, of 17.76 K.
The films T, of 17.58 K are produced when the deposition
temperature is increased to 250 °C, and voids were significantly
reduced.

The synthesis of high-quality materials is supported by
manufactured InAs/GaSb (like our structure), which has
a strong optical signal at room temperature. The current-
voltage characteristics of manufactured InAs/GaSb p-i-n tunnel
diodes when measured at 77 K and 290 K showed two bias-
dependent transport mechanisms.'® Also, there is no errors
can be expected as layered semiconductor hyperbolic meta-
materials already fabricated for the mid-infrared and are grown
by molecular beam epitaxy (MBE) using a single material
system, doped and undoped InAs.'* This material of choice has
two benefits: it can be grown by MBE relatively easily, and it has
the shortest plasma wavelength of any III/V material. Addi-
tionally, the capability of tuning across the mid-infrared spec-
trum, adjusting the doping level in the metal layers, and
controlling the onset of HMM behaviour.

On the other hand, the fabrication tolerance is a crucial
variable that can have a significant impact on how well this
structure performs in a variety of applications. A range of suit-
able variations in the layer's thickness is usually employed to
define the allowed tolerance in the thickness for a proposed
structure. Tight tolerances in the thickness are occurred usually
in nano photonics, where such a tolerance of the thin film can
significantly affect the performance of optical devices. The
required specifications for the film and the specific application
determine the acceptable tolerances.

Typically, the expected tolerances for the thickness of any
film are expressed as a range, like 5% of the nominal thick-
ness. If the film thickness is outside of this range, it might not
be appropriate for the use that was intended. In this regard,
Fig. 12 makes clear how tolerance affects both the intensity of
the transmittance and the shift in the resonant peaks. Here, two
different fabrication tolerance values £5% and +10% are taken
into account. The investigated numerical findings show that the
resonance peaks shift to higher wavelengths and the intensity of
the transmittance slightly decreased gradually as the fabrica-
tion error receives +5% and +10% as showed in Fig. 12B and D.
On the other hand, the resonance peaks shift to lower wave-
lengths and the intensity of the transmittance slightly increased
due to a fabrication tolerance of —5% and —10% as showed in
Fig. 12C and E. For further increase in the fabrication tolerance
to +10% or —10%, the number of resonance peaks and the
intensity of the transmittance may decreased. Therefore,
a tolerance value of +5% is considered an acceptable tolerance
value and it was proved that does not possess high perturba-
tions on the performance of this structure. Therefore, the
proposed design is stable against the small variations in the
thickness.

5. Conclusion

In conclusion, we theoretically examined the NIR transmittance
characteristics of a one-dimensional quasi-periodic PC. The
proposed structure is made up of a superconductor (Nb) and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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HMM based on the Fibonacci sequence. In our design, the
properties of resonance peaks with angle stability are theoreti-
cally calculated by using the characteristic matrix model and the
effective medium theory. The effects of thickness, operating
temperature, and the type of superconductor layer on the
properties of the resonance peaks are studied. The permittivity
of (Nb) at various operating temperatures and the permittivity of
HMM at different filling ratios are also investigated. Moreover,
the number of Fibonacci sequences and type of each sequence
have proved to sustain a pronounced effect on the number and
position of the resonance peaks. The proposed structure has the
ability to enhance the quality and performance of the preceding
fields and can be used as an optical pass/stop band filter for NIR
applications.
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