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Abstract Although there has been a focus on THz filters so far, there is a sig-
nificant deficiency in advancing low-temperature THz filters. According to the
needs, we proposed a tunable THz filter that selectively permits the desired in-
cident frequencies to be propagated in relevance with our purpose. The presence
of a low-temperature nano superconductor and an undoped semiconductor layers
in the proposed structure resulted in a multi-channel THz filter, which could be
highly tuned with several parameters such as lattice constants, applied temper-
ature, etc. The achieved transmittance spectra revealed that the emerged trans-
mittance couples and stacks follow exact regulations. Furthermore, the structure
exhibited omnidirectional band-gaps for both TE and TM polarized waves. More-
over, the use of a central defect layer gave some transmittance defect modes in
the forbidden areas. This structure could be used in some THz devices such as
switches, optimized sensors as well as in space industry and telecommunications.

Keywords Low-temperature superconductor · Photonic band-gap · Terahertz
multi-channel filter · Transfer matrix method

1 Introduction

Terahertz (THz) spectrum is possibly the latest spectrum, that has been added
to the electromagnetic (EM) spectra [1]. The energy range of the spectrum puts
wave-matter interaction at the “bridge” between the quantum interpretation of
interactions at visible light and higher energies (mostly particle-like behavior of
light), and the continuum form of interpretation of interactions at lower ener-
gies (mostly wave-like behavior of light) [2]. The technology that arises from the
spectrum is called THz technology. In 2004, Technology Review’s editors selected
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THz technology as one of “10 emerging technologies that will change your world”
[3]. THz technology is used in the following fields: medicine [4,5], biology [6], se-
curity [7], non-destructive evaluation [8], agriculture [9], telecommunication [10],
pharmaceutical [11], spectroscopy [12,13], cultural heritage [14], etc. The above-
mentioned applications show that the THz technology is an interdisciplinary tech-
nology. Using photonic crystal (PC) structures is the easiest and most efficient
way of constructing filters.

Over recent decades, PCs, that are periodically constituted from two or more
media, have been under a lot of focus due to their photonic band-gaps (PBGs),
which make EM wave propagation to be forbidden at some frequency ranges.
Controlling, manipulating and amplifying EM waves are the most noteworthy and
intriguing consequences, which PCs could demonstrate from themselves. The PBG
based PCs are typically used in the following fields: microfluidic and biomedical
sensors [15], polarization splitter [16], solar cells [17,18], Terahertz Sensor [19,20],
integrated circuits [21], photovoltaic devices [22], photonic filters [23], etc.

Superconductors have also been considered in various fields of study due to
their unique properties. Since the permittivity of a superconducting material can
be tuned with temperature and external magnetic field, superconducting PC has
an advantage over metallic and dielectric PCs [24].

Given that propositions of the functional THz devices are growing up, the
demands for developing the tunable THz filters increase for the narrow- and broad-
band THz systems, and THz circuits. The realization of developments in THz
filters paves the way for the filters and THz devices to be advanced in other
photonic systems, and to reach high quality in THz systems. In particular, THz
PBG-based filters, in which they operate based on the interference phenomenon,
have attracted a huge number of researches. Narrow-band transmission THz filters
are a type of filters, which offer the thin transmission peaks as an outcome. These
types of filters could be achieved by utilizing a defect layer in the structure of
the PC. In fact, the narrow-band transmission mode is the consequence of the
confinement effect of the photonic barriers. The band passes are originated from
constructive interference of the incidence beam, which is reflected and transmitted
from the interface of the layers within the structure, while the stop-bands are
originated from destructive interference. To achieve any types of the interferences
at desired frequency, the wave dispersion of the incident beam needs to be adjusted
[25]. Moreover, the material and the arrangement of the constituent layers play a
main role in realizing the desirable interference. The filters, whose transmittance
spectra are comprised of several narrow band passes are called multi-channel filters
[26]. This type of filter is usually constructed with the deposition of a single or
several defect layers of quantum well structures within the PC arrangements.

Although, the emergent modern THz technology almost goes back to the 1970s,
investigations of THz spectrum on PCs date back to the 1990s. Padilla et al. [27]
proposed a high-pass microstructure filter, which contained metamaterial. The
structure is the first 2D PC-based THz filter. Drysdale et al. [28] designed a metallic
THz PC filter, which could be tuned, mechanically. Then, Němec et al. [29] com-
posed a smart narrow-band transmission filter contained a KTaO3 defect layer,
whose relative tunability reached up to 20%. Subsequently, a ferroelectric defect
layer of SrT iO2 was deposited in an alternating structure of quartz and high-
permittivity ceramic layers, thus the tunability of the structure reached up to 60%.
Hung et al. [30] declared that the thermal tunability of the transmission band-gaps
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and defect modes could be realized by the deposition of an InSb semiconductor
defect layer on the 1DPC structure as THz filter. The above-mentioned studies are
almost the basis of formation of THz PC filters, therefore many investigations have
been done, afterward. Srivastava [31] studied defect mode of the transmittance
spectrum relevant to a 1DPC consisting of a high- and low-temperature supercon-
ductor. Aly and Sabra [32] theoretically reported a 1D metamaterial PC consisted
of high-temperature superconductor and semiconductor constituents, which inter-
acted with near-infrared waves. The structure filtered some parts of the frequency
range of 0 GHz to 2.2 GHz. Chaves and Posada [33] investigated the transmittance
spectrum of a 1DPC, which was fabricated from the semiconductor GaAs and the
high-temperature superconductor HgBa2Ca2Cu3O8+δ, under several parameter
changes such as hydrostatic pressure, angle of incidence, and temperature.

Since using the unconventional substances overcomes drawbacks of PCs, the
following substances with their own special effects and properties have been used
in them: superconductors [34], metamaterials [35], graphene [36], liquid crystal
[37], V O2 [38], etc. Quasi-periodic (QP) and mixed-quasi-periodic (MQP) [23]
arrangements could also be useful options for the configuration of the structure to
achieve the desirable outcomes in accordance with the desired applications.

In this study, a special type of 1DPC-based THz filter containing two different
types of constituent layers as semiconductor (InSb) layer and low-temperature
superconductor (Nb) nano defect layer is proposed. In the current simulation, the
transmission spectrum of the proposed filter is investigated via the Drude model
[39] and the two-fluid theory [40] for several parameters such as temperature,
number of periods of the structure, lattice constants, incidence angle of the incident
beam, etc.

In this article, theoretical models and the basic equations relevant to the uti-
lized superconductor and semiconductor are presented in section 2. The proposed
structure, numerical results, which use the transfer matrix method (TMM), and
discussion are presented in section 3. Finally, the conclusion is provided in sec-
tion 4.

2 Theoretical models and basic equations

The proposed structure consists of InSb semiconductor (A) layer and a low-
temperature superconductor (B) as defect layer with the thicknesses of dA and
dB , respectively. Therefore, the arrangement of the structure could be shown as
(AB)M , whereM is the period number. According to the Drude model, the relative
permittivity of InSb in THz range is defined as [27]:

εA(ω) = ε∞ − ω2
P

ω2 − iγsemω
, (1)

where ε∞ is the static permittivity of InSb; ω expresses the angular frequency, and
γsem shows the loss of EM waves in the semiconductor. ωP indicates the plasma
frequency, which is defined as

√

Ne2/ε0m⋆. Here, N is intrinsic carrier density;
m⋆ is the effective mass of free carrier; e represents the electron charge, and ε0 is
the free space dielectric constant. The intrinsic carrier density N of InSb, in m−3,
can be given as:

N = 5.76× 1020 T 3/2 exp
(−0.13

kBT

)

(2)
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Here, temperature T is in Kelvin, and kB is the Boltzman constant. The exponen-
tial coefficient on the relation reveals that the plasma frequency highly depends
on the temperature. Correspondingly, the tunability of the permittivity εA(ω) of
InSb is proportionally temperature-dependent in the far-infrared portion of THz
regime.

In accordance with the two-fluid theory, the relative permittivity of a lossless
superconductor is given by [41]:

εB(ω) = 1− c2

ω2λ2
0

[

1−
( T

TC

)q]

, (3)

where c is the speed of light in free space; TC represents the critical temperature of
the superconductor, and λ0 indicates the London penetration depth at T = 0K,
thus the parameter is defined as follows at the other temperatures:

λL =
λ0√
1−G

; G =
( T

TC

)q

(4)

where q refers to the type of superconductor. Principally, q = 2 and 4 are respec-
tively considered for high- and low-temperature superconductors. In the current
study, q = 4 is chosen for G. Although, in the above relative permittivity rela-
tion the loss originated from conducting electrons is ignored, it has been properly
adapted to the experimental results. Furthermore, many valuable studies have also
used the approximation. On the other hand, the conductivity of a superconductor
is defined as follows [32]:

σ = σr − jσi, (5)

where σr represents the loss of the superconductor, and σi indicates the conduc-
tivity of a lossless superconductor. Accordingly, the conductivity of our lossless
superconductor is:

σ ≃ σi =
1

ωµ0λ2
L

(6)

where µ0 is the permeability constant in free space. The conductivity at a tem-
perature greater than TC is inverse of the specific resistivity in ρσ = 1 [42]. Thus,
the resistivity of the superconductor could be redefined as the following relation,
in accordance with relations (4) and (6):

ρ =
ωµ0λ

2
0

1− ( T
TC

)q
, (7)

where its unit is expressed as Ωm in the SI system. The total relative permittivity
in addition to the loss term has the following definition:

εB(ω) = 1− c2

ω2λ2
0

[

1−
( T

TC

)4]

− c2

ω(ω + iγsup)λ2
0

( T

TC

)4

, (8)

where γsup expresses damping of the normal conducting electrons.
TMM is an appropriate and exact approach for obtaining the transmittance

spectrum of an incident beam of the plain EM waves, which entered a layered
medium from free space or any other media, with z direction at an incidence angle
θ. The electric and magnetic components of the incident wave in the jth layer
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(j = A,B) can be related to its back and forward layers via the following transfer
matrix [30]:

Mj(dj , ω) =

[

cos(kjzdj)
−i
pj

sin(kjzdj)

−ipj sin(kjzdj) cos(kjzdj)

]

, (9)

where kjz = (ω/c)
√
εj
√
µj

√

1− (sin2 θ/εjµj) is the wave vector, and εj and µj

are respectively the permittivity and permeability of the jth layer. According to
the Blochs theorem, the dispersion relation of a periodic layered medium that
interacts with an incident EM wave under the boundary conditions is given by:

cos(KD) = cos(kAzdA) cos(kBzdB)− 1

2
(
qA
qB

+
qB
qA

) sin(kAzdA) sin(kBzdB) (10)

where

pjs = (
√
εj/

√
µj)

√

1− (sin2 θ/εjµj), (11)

pjp = (
√
µj/

√
εj)

√

1− (sin2 θ/εjµj), (12)

are respectively in relevance with TE and TM modes. Hence, the total transfer
matrix of the multi-layered structure can be obtained by multiplying each single
transfer matrix of the layers, as follows:

MT = (MA MB)N =

[

m11 m12

m21 m22

]

. (13)

According to the elements of the above total transfer matrix, transmission and
reflection coefficients can be reached as:

t(ω) =
2pi

(pFm11 + pim22)− (pipFm12 +m21)
, (14)

r(ω) =
(m11 −m22) cos θ − (m12 cos

2 θ −m21)

(m11 +m22) cos θ − (m12 cos2 θ +m21)
, (15)

where the parameters pi = (
√
εi/

√
µi) cos θ and pF = (

√
εF /

√
µF ) cos θ also refer

to the initial and final media (background medium), in which the incident beam
respectively comes from and then enters the medium for TE polarization mode.
The parameters will be pi = (

√
µi/

√
εi) cos θ and pF = (

√
µF /

√
εF ) cos θ for TM

polarization mode. Since the proposed structure is considered to be in a vacuum
background medium, εi = ε0 = 1 and µi = µ0 = 1. Subsequently, the total
transmittance and reflectance quantities of the structure are defined as:

T =
pF
pi

|t(ω)|2 , (16)

R = |r(ω)|2 . (17)
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Fig. 1 The transmittance spectrum of the proposed lossless structure versus frequency at
T = 4.2K and θ = 0◦ with the period number M = 3 under several values of lattice constants
as (a) dA = 10µm, dB = 10nm, (b) dA = 20µm, dB = 20nm, (c) dA = 30µm, dB = 30nm,
(d) dA = 40µm, dB = 40nm and (e) dA = 50µm, dB = 50nm for TE polarization.

3 Results and discussion

The arrangement of the proposed structure as an absolute periodic PC consisting
of a low-temperature superconductor layer (B) and a semiconductor layer (A) is
(AB)M . The transmission spectrum of the structure, and its tunability is studied
at THz spectrum.

The default information in the current research is as follows. The thicknesses
of both semiconductor and superconductor layers are respectively considered as
30µm and 30nm. The critical temperature and London penetration depth of Nb
are respectively TC = 9.2K and λ0 = 83.4nm. The temperature applied to the
structure is considered as T = 4.2K (boiling point of liquid He). The permittivity
of Nb and InSb could be respectively calculated in accordance with equations (1)
and (3), and their permeabilities are taken as µA = µB = 1.

3.1 Lattice constants

In this section, the effect of changing the thickness of the constituent layers has
been studied according to the transmittance spectrum diagram. Therefore, the
TE polarization type of the transmittance spectrum has been obtained from the
different applied lattice constants such as (a) dA = 10µm, dB = 10nm, (b) dA =
20µm, dB = 20nm, (c) dA = 30µm, dB = 30nm, (d) dA = 40µm, dB = 40nm
and (e) dA = 50µm, dB = 50nm in Fig. 1. The number of periods, and the applied
temperature have been respectively considered as M = 3 and T = 4.2K, and the
angle of incident light is θ = 0◦. The other parameters are also considered as default
mentioned above. As clearly shown in Fig. 1, the number of each transmittance
couple, the frequency band-gap between the transmittance couple, the band-gap
between each transmittance peak in a couple, and the thickness of each peak are
tunable via changing the lattice constants. In each step of increasing the lattice
constants, three couples of transmittance peaks are added to the transmittance



Title Suppressed Due to Excessive Length 7

Fig. 2 The transmittance quantity of the proposed lossless structure versus lattice ratio Λ =
dB/dA and frequency at T = 4.2K, θ = 0◦ and the period number M = 3 with a constant
thickness of InSb (dA = 10µm) and the thicknesses range of Nb, 0nm to 40nm, for both TE
and TM modes.

spectrum, so that there are three couples in (a), six couples in (b), nine couples
in (c), twelve couples in (d), and fifteen couples in (e). Therefore, it could be
declared that the increase in number of the couples follows the relation Sn =
Sn−1 + 3; S1 = 3, n ≥ 2. If the frequency mean point (FMP) between tips of
the two peaks in a couple is considered as the frequency position of each couple,
it could be observed that the couples are getting closer to each other, as the
lattice constants are increasing. In addition, the band-gaps between the couples
become somehow wider at a certain lattice constant, as the frequency increases.
However, widening of the band-gaps between the couples in terms of frequency
is very low at the higher lattice constants, therefore it could be negligible. It
could also be understood from Fig. 1 that the band-gaps between the peaks in the
couples increase with the increase in the frequency with certain lattice constants.
In one hand, the bang-gaps decrease when the lattice constants increase. On the
other hand, the band-gaps regularly increases with the increase in the frequency.
Similar to the above-mentioned cases, the width of the band-gaps between each
transmittance couples is consequently tunable in terms of the lattice constants.
As the lattice constants increase, the number of couples and band-gaps becomes
greater, and width of the band-gaps regularly decreases. Consequently, the band-
gaps also become narrower as the frequency increases under a certain condition of
lattice constants. In accordance with Fig. 1, the width of the transmittance peaks
is tuned with the lattice constants, therefore the peaks become narrower since
the lattice constants increase. Furthermore, they become broader as the frequency
increases under a certain condition of lattice constants. The band-gaps between
the couples are called the “main transmittance bandgaps”, and those between the
peaks are called “partial transmittance band-gaps”, here.

The transmittance of the proposed structure is also evaluated based on the
ratio of the lattice constants. Fig. 2 shows the transmittance versus frequency and
lattice ratio Λ = dB/dA, where dB = 10µm, and range of the thickness of layer A
considered 10nm to 40nm. As shown in Fig. 2, the peaks shift towards the higher
frequencies by a certain value, as Λ increases. Furthermore, the width of the peaks
and the bandgaps between them also become narrower as Λ increases. Both TE
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Fig. 3 The transmittance quantity of the proposed lossless structure versus lattice ratio Λ =
dA/dB and frequency at T = 4.2K, θ = 0◦ and the period number M = 3 with a constant
thickness of Nb (dB = 10nm) and the thicknesses range of InSb, 0nm to 40µm, for both TE
and TM modes.

and TM polarization modes of the transmittance quantity are the same as shown
in Fig. 2.

On the other hand, the lattice ratio is defined as Λ = dA/dB , thus the thick-
ness of the superconductor is a fixed value (dB = 10nm), and the range of the
lattice constants of the utilized semiconductor is considered as 0µm to 40µm. In
other words, the consequences of the lattice constant changes relevant to the semi-
conductor are evaluated on the tunability of the transmittance spectrum, here. As
demonstrated in Fig. 3, the transmittance couples shift towards the lower frequen-
cies, as Λ increases. By increasing Λ, the intensity of the peaks is increases, and the
band-gaps between the couples become narrower as well. Furthermore, the band-
gaps between the peaks become broader and then become somehow narrower, as
Λ increases from 0 to 4000 in the lower order of the couples (couples which are
closer to the axis Λ). However, the bandgaps between the couples almost remain
constant in the higher order of the couples. Fig. 3 is the plot of both TE and TM
polarized waves.

3.2 The number of periods

To study the effects of changes in the period number, the lattice constants are
considered as dA = 30µm and dB = 30nm; the incident angle is θ = 0◦; the
temperature applied to the structure is T = 4.2K with TE polarization wave at
the frequency range of 0 THz to 12 THz. According to Fig. 4, the increase in
the period number of the proposed structure regularly causes more peaks in the
transmittance stacks. Evidently, a transmittance peak is added to the stacks in
each step of increasing the period number (from M = 2 to M = 6). For example,
for M = 4 there are three peaks in each stack, while there are four and five peaks
in each stack for M = 5 and M = 6, respectively. Therefore, it could be concluded
that the number of transmittance peaks follows the relation Sn = Sn−1+1; n ≥ 1,
where Sn−1 is the stacks number of the transmittance peaks at the previous period
number, and S0 = 1 corresponds to the number of the peaks for M = 2. Fig. 4
shows that the transmittance peaks are too close to each other in a stack at lower
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Fig. 4 The transmittance spectrum of the proposed lossless structure versus frequency at
T = 4.2K and = 0 with the lattice constants dA = 30nm and dB = 30nm under several the
period numbers M = (a) 2, (b) 3, (c) 4, (d) 5, (e) 6 for TE polarization.

frequencies in certain conditions of the lattice constants and period number, while
they are further apart at higher frequencies. Additionally, the transmittance peaks
at higher frequencies are somehow broader than the peaks at lower frequencies. As
the number of periods increases, the width of the transmittance stacks becomes
broader due to the increase in the number of peaks in each step. On the other
hand, the main band-gaps between the stacks consequently decrease in each step
of increasing M . For instance, the width of the bandgap between the third and
fourth stack is 1.15 THz for M = 4 (Fig. 4 (c)), while the width is 1.13 THz for
the same stacks at M = 6 (Fig. 4(e)). This phenomenon also happens in certain
conditions of the lattice constants and the period number at higher frequency
values. In other words, as the width of the transmittance stacks becomes broader
at higher frequencies, the band-gaps between the stacks becomes narrower as well.
Generally, the width of the transmittance peaks also becomes wider with increasing
the period number.

3.3 Incidence angles

Here, PBGs of the transmittance quantity are evaluated with changes of the in-
cidence angle of the THz beam under several angles such as θ = 0◦, 45◦, 60◦,
86◦. As shown in Fig. 5, the transmittance spectra and the dispersion quantity
of the proposed structure are given at all of the above-mentioned angles for TE
modes. It is clear that increasing the incident angles form (a) to (d) causes the
peaks and PBGs to be moved towards the higher frequencies. This phenomenon
is more tangible for the frequencies greater than 9 THz. The shifts of the PBGs
at higher frequencies are respectively higher than the those at lower frequencies.
Furthermore, the width of the peaks broadens as the frequency increases at a
fixed incident angle for TE and TM modes. It could be observed in Fig. 5 that
the peaks become narrower when the incident angle increases for TE polarization.
Nevertheless, the width of the peaks increases with the increase in the incident an-
gle for TM mode. In accordance with Fig. 6(d), the peaks are so much broadened
in the couples, especially at higher frequencies, that they almost merge with each
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Fig. 5 The transmittance and (e) dispersion (KD/π) spectra of the proposed lossless structure
versus frequency at T = 4.2K and the period number M = 3 with the lattice constants of
dA = 30nm and dB = 30nm under several incidence angles θ = (a) 0◦, (b) 45◦, (c) 60◦ and
(d) 86◦ for TE polarizations.

other. On the other hand, some parts of these PBGs have a maximum dispersion
(KD/π = 1) in some frequency range, and remain invariant across increase in the
incident angle from θ = 0◦ to about θ = 90◦. This type of PBGs, called omnidirec-
tional band-gaps, could also stops both TE and TM modes of the incident beam at
any angle of incidence. The omnidirectional band-gaps of the proposed structure
are shown with gray strips in Fig. 5. It is clear that the width of the omnidirec-
tional band-gaps becomes narrow and narrower, as the frequency increases. The
maximum and the minimum width the of the omnidirectional band-gaps are the
same and respectively equal to ∆fomni,max = 1.144 THz and ∆fomni,min = 0.13
THz for TE and TM modes of the transmittance spectra.

3.4 Temperature

In accordance with relations (3) and (7), permittivity of the utilized superconduc-
tor depends on temperature. Therefore, values of the permittivity and consequently
values of the transmittance could be tuned with the temperature. For evaluating
the effects of changing the temperature on tuning the transmittance spectrum,
several external temperatures are applied to the structure, T = 1K, 4.6K, 6.5K,
9.1K, 9.2K and 9.4K, whose corresponding transmittance spectra are given in
Fig. 6. As could be observed, the applied temperatures contain the under critical,
critical (TC) and greater than critical temperatures. In accordance with the figure,
it could be stated that the increase in the temperature from 1K (a) to 6.2K (c)
somehow results in the broadening of the peaks and the partial band-gaps in the
couples. For instance, consider couple 9 in Fig. 6(a), (b) and (c). It is undeniable
that the amount of the tunability is too slight from 1K (a) to 1

2
TC (b), thus

it could be ignored. As shown in the figure, when the temperature tends to TC

(Fig. 6(d)), the filtering property weakens, and does not satisfy the expectation
that we had in the previous sections. On the other hand, the transmittance of the
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Fig. 6 The transmittance spectrum of the proposed lossless structure versus frequency at
θ = 0◦ with the periodic numberM = 3 and the lattice constants dA = 30nm and dB = 30nm,
under several applied external temperature below, at and greater than the critical temperature
of the utilized superconductor (Nb) as T = (a) 1K, (b) 4.6K, (c) 6.5K, (d) 9.1K, (e) 9.2K,
and (f) 9.4K for TE polarization.

structure does not follow the rules of the tunability, which exist for T < 1

2
TC . If

the applied external temperature reaches TC , the minimum values of the band-
gaps are not zero, thus the smallest transmittance value of the band-gaps is about
0.22. The applied temperatures greater than TC (Fig. 6(f)), which cause layer B
not to be a superconductor anymore, create an electric resistivity change of 0.688
Ωm for the frequency range of 0 THz to 12 THz, in accordance with equation
(6). Here, the number of peaks decreases compared to (d) and (e), and there is
no band-gap with zero-transmittance for the frequencies greater than ∼ 4 THz.
When the temperature tends to TC and greater than TC , the transmittance peaks
become broader and somehow disorganized in such an undesirable way, and their
behavior becomes irregular, so that the filtering phenomenon does not properly
work, anymore.

3.5 Central defect layer

In accordance with Fig. 7, the proposed structure is also evaluated with a central
defect layer. In this section, a vacuum layer (εV = 1 and µV = 1) is considered as
the low-permittivity-value defect layer, and another dielectric layer with εD = 10
and µD = 1, which could be a type of glass, is considered as the high-permittivity-
value defect layer. Although, the permittivity of the air defect layer is close to
1, and it is less expensive and more accessible than vacuum, utilizing such layer
at T = 4.2K is pretty difficult, thus replacing a central vacuum defect layer is
comparatively more convenient. The transmittance spectrum of each structure
relevant to the deposition of the vacuum and the dielectric layer is also studied
for several thicknesses of the central defect layers. Fig. 8 which corresponds to
Fig. 7(a), demonstrates the transmittance spectrum of the structure with several
orders of the thickness of the defect layer as dV = 40nm, 80nm, 40µm and 80µm.
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Fig. 7 The schematics of the proposed structures containing a micro semiconductor and a
nano superconductor layer with (a) a central vacuum defect layer and (b) a central dielectric
defect layer.

Fig. 8 The transmittance spectrum of the proposed lossless structure containing a central
vacuum defect layer (εV = 1 and µV = 1), under several orders of thickness dV = (a) 40nm,
(b) 80nm, (c) 40µm and (d) 80µm, at T = 4.2K and θ = 0◦ with the lattice constants
dA = 30nm, dB = 30nm, and the period number of M = 3 for TE polarization.

As it is obvious, both nano and micro scales of the central defect layers are applied
to the structure. Both of the proposed constructions relevant to schematics (a) and
(b) in Fig. 7 are considered as (AB)MC(AB)M , where the period number isM = 3,
the incidence angle is equal to θ = 0◦, and the lattice constants are dA = 30µm and
dB = 30nm. As illustrated in Fig. 8(a) and 8(b), nine transmittance stacks emerge,
so that there are five peaks in each stack. Since the peaks are too close to each other
at lower frequencies, they seem to coincide with each other. The magnified part of
Fig. 8(a) clearly demonstrates the dispersion of the peaks in stack 1. In accordance
with the numerical data, the width and the frequency position of the stacks remain
invariant with increase in the thickness of the vacuum defect layer at the nano-
scale. Therefore, the presence of the central defect layer gives us a desirable multi-
channel THz filter, and changing dV in the scale of nanometer (0nm to 100nm)
has no effect on tuning the transmittance spectrum. The width of stacks 1 and
9 are respectively ∆f1,V = 0.033 THz and ∆f9,V = 0.28 THz, and their FMPs
are also f1,V = 1.24 THz and f9,V = 11.09 THz, respectively. Accordingly, the
width of stack 9 is 8.48 times broader than stack 1 here. If the vacuum defect
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Fig. 9 The transmittance spectrum of the proposed lossless structure containing a central
dielectric defect layer (εD = 10 and µD = 1), under several orders of thickness dV = (a)
40nm, (b) 80nm, (c) 40µm and (d) 80µm at T = 4.2K and θ = 0◦ with the lattice constants
dA = 30nm, dB = 30nm, and the period number of M = 3 for TE polarization.

layer becomes broader as much as the microorder, the transmittance spectra will
be significantly changed. As shown in Fig. 8(c), some of the transmittance stacks
have two peaks and other stacks have five peaks. It is obvious that the five-peak
stacks are repeated twice in between (stacks 3, 6 and 9). As obviously observable
in spectrum (c), several narrow peaks are emerged due to the presence of the
central vacuum defect layer in the PBG areas at the higher frequencies (8 THz to
11 THz) like the defect mode between stacks 7 and 8. The transmittance spectrum
corresponding to dD = 80µm (d) is almost the same as spectrum (c). But, the
number and the transmittance values of the defect modes are greater. For instance,
there are two defect modes between stacks 7 and 8.

In accordance with Fig. 9, spectra (a) and (b) are exactly the same as spectra
(a) and (b) in Fig. 8. This means, there is no difference between the transmittance
spectra corresponding to the structures with high- and low-permittivity central
nano defect layer. In accordance with Fig. 8(a), 8(b), 9(a), 9(b), and 4(e), the
transmittance spectra with the central nano defect layers at M = 3, are the same
as the spectrum that corresponds to the structure without central defect layer at
M = 6. As obviously shown in Fig. 9(c) and 9(d), there are two or three peaks
in each stack, which become further apart in the stacks with increasing frequency.
Here in Fig. 9(d), the number of defect modes are higher than the modes in
Fig. 9(c). Accordingly, the number of defect modes in Fig. 9(d) are higher than
the modes in Fig. 8(c) and 10(d).

4 Conclusion

In accordance with the results of the current study, it is found that using a con-
stituent element of superconductor could make the structure well-behaved, op-
tically. The deposition of a nano superconductor defect layer of Nb caused the
structure to yield high tunable transmittance peaks and PBGs. On the other
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hand, InSb at T = 4.2K, which approximately had the permittivity value of
15.68, caused the structure to result in the achieved transmittance spectra. One
of the considerable phenomena relevant to the transmittance was omnidirectional
PBGs. Although this type of PBGs could also happen for the other PC structures,
the amount of omnidirectional property and their tunability were significant. Fig. 2
and 3 illustrate that the ratio of the lattice constants was chosen appropriately
in this study. They also show that the ratio plays a considerable role in the tun-
ability and intensity of the transmittance spectrum. Using a relatively low- and
high-permittivity central defect layer with different thicknesses in the structure
revealed that the central nano-scale defect layer resulted in a well-organized, and
high regular transmittance peaks and stacks. On the other hand, the micro-scale
defect layer emerged several tunable defect modes in the PBG areas at higher
frequencies. Moreover, there was an acceptable percent of the transmittance in
presence of the damping coefficient in the frequency range of 5 THz to 12 THz,
so that the percentage was equal to 40% at f = 5 THz, and it reached 80% at
f = 11.27 THz. The utilized superconductor and semiconductor, which resulted
in such well-behaved multi-channel transmittance peaks, are the main differences
between the current study and [32]. Here, the desirable frequencies could be se-
lectively chosen to be transmitted by the tunability of the structure. Additionally,
the proposed structure in [33] consists of a high-temperature superconductor and
GaAs, while we had a low-temperature superconductor and InSb, in which the
tunability and speciality of the current structure were comparatively studied at
a higher level. The present position, future prospect, and advancing of the THz
technology have been a focal point, and the proposed structure could be used
in modern THz communications, THz selective multi-channel frequency filters,
integrated circuits, smart windows, low-temperature sensors, etc.
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