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Abstract

In this paper, a new design and analysis of tunable optical selective filters containing one-dimensional photonic crystal (1D-PC),
magnetized cold plasma, and superconducting materials are investigated using transfer matrix method. The effects of defective
layers on transmission spectrum, the cutoft frequency, and the peak position are investigated as the function of the magnetic field
and the thickness of the superconductor layer. It is found that the peak frequencies and the cutoff frequencies are affected
significantly by the magnetic field applied and number of defectives layers. Also, it is demonstrated that the superconductor
layer has a significant effect on the transmission spectrum. Results obtained confirmed that it is possible to make a model of a
highly selective tunable filter using photonic one-dimensional plasma superconductor photonic crystal.

Keywords Transmission - Photonic crystals - Magnetized cold plasma - Superconductor - Photonic band gap - Defectives layers

1 Introduction

In recent years, the one-dimensional photonic crystals are
one of the parameters that have a great effect on the per-
formance of several applications in modern photonic tech-
nology, such as optical sensors and selective filters [1-6].
The selective filters are very promising systems for appli-
cations in the field of telecommunications such as
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wavelength division multiplexing (WDM) networks and
communication systems [7]. Furthermore, the use of su-
perconductor and plasma materials in one-dimensional
photonic crystals aimed at improving the performance
and reducing size of these filters.

Recently, filters made of superconducting materials have
attracted more attention due to two main advantages over the
ordinary material. The extremely low surface resistance of
superconductors facilitates the development of optical devices
with better performance than conventional devices. The sec-
ond is that the dielectric function of the superconductor main-
ly depends on the London penetration depth, which is also a
function of the external temperature and the external magnetic
field [8-11].

The advances on the plasma photonic crystals technology
have been encouraged, in realization of optical filter [12—16].
They are artificially periodic array composed of alternating
thin unmagnetized or magnetized plasmas and dielectric ma-
terials. It is well known that no magnetized plasma can be
characterized by a complex frequency-dependent permittivity
medium. If external magnetic field is introduced to the plasma
photonic crystals and at low temperature, a new kind of plas-
ma photonic crystals named magnetized cold plasma photonic
crystals (MCP-PCs) can be obtained [17-20]. The MCP-PCs
have gained a lot of attention due to their unique EM proper-
ties such as the ease of use of the external magnetic field, their
magneto-optical effects based on the properties of PBGs, and
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the ability to control plasma electron density. Several studies
suggest that MCP-PCs are emerging as new hotspots in pho-
ton engineering due to better external magnetic field control
over PBGs. In this context, we have designed an optical se-
lective filters based on one-dimensional plasma superconduc-
tor photonic crystal.

The transfer matrix method (TMM) is employed to calcu-
late the effects of the magnetic field and the thickness of the
superconductor layer, on the width of the photonic band gaps
(PBGs) and position peak. By introducing a defective layer
into the (1D-PC) structure, it would be possible to generate
very narrow defect modes inside a band gap; the number of
these defect modes is associated with the number of defect
layers.

The considered structures are (Air/(PS)’ D, (PS)’/Air),
(Air/(PS)” D,SD; (PS)’/Air), and (Air/(PS)’ D,PD,SD,
(PS)’/Air), in which both layers D, and D, are dielectrics
and (PS) is MCP-superconductor bi-layers. Several simulation
scenarios using MATLAB will be given to show the perfor-
mance of this approach. The accuracy of the analysis is ap-
proved by comparison of the computed results with real ex-
perimental measurement published data.

2 Problem Formulation

Consider a one-dimensional photonic crystal structure
(1D-PC), which is a periodic structure composed of a
multilayer stack. This structure is asymmetric in the form
(PS)™ immersed in free space, shown in Fig. 1. There are
N stacks where each N/2 period or stack is composed of a
magnetized cold plasma layer (MCP) indexed P and su-
perconductor layer indexed S. Each layer has a thickness
d; and refractive index n;. In order to find the formulation
of the structure, we assumed that in the incident electro-
magnetic wave from air to the plasma and superconductor
layer, the layers are on the x-y plane, and the z direction is
normal to layer interface.

The refractive index profile of magnetized cold plasma P
and superconducting S mediums can be given as:

Fig. 1 Structure of the one-
dimensional MCP-
superconductor photonic crystal

W
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nlinp:\/g]; 0<z< (1)
n2:1’1$:\/§ d<z< dp

where ep, €5, np, ng, d;, and d, denote, respectively, the rela-
tives permittivity, refractive indices, and thicknesses of P and
S mediums.

From the two fluid models, the complex permittivity of
MCP layer P is a function of frequency w and static magnetic

field B and can be expressed as [21]:

wic
i ’
w w

where w, 7, Wy, and wy, are the angular frequency, the effec-
tive collision frequency, plasma, and gyro-frequency, respec-
tively. w,. and wy, are given by:

Wpe = V/Nee? /mey (3)

and
Wi = eﬁ/m (4)

where e, m, n,, and €, are the electronic charge, the electronic
mass, the electron density, and the free-space permittivity,
respectively.

In Eq. (2), the sign (%) in wy, corresponds to the application
of a positive or negative external magnetic field; in other
words, the static magnetic field is applied in a d+z or d-z
direction [21].

The refractive index of the superconductor layer P is:

NSuper = \/ES- = 1_(wth/w )2 (5)
where wy;, is the threshold frequency of the superconductor
given by [22-25]:
1
2
wy =———
th Ho€o ?‘i

(6)

where )\, is the temperature-dependent London penetration
depth given by:
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Fig. 2 Schematic representation
of the 1D-PC MCP-
superconductor defected by

dielectric material
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where ) is the penetration depth at 7= 0 K and 7 and T are
the operating temperature and the critical temperature of the
superconductor.

In Eq. (1), it is assumed that the magnetic permeability of the
(1D-PC) structure is equal to that in free space. Because ¢; is a
periodic function of z, the dielectric constant can be written as:

a(z) = a(z+d) (8)

where / and d = d;+d, are the number of layer and the period,
respectively.

Based on Maxwell’s equations and Boundary conditions,
using the boundary conditions and the condition of continuity
of E and H fields at the interfaces of z = 0 and z = d;, d,, d;,
...., dyy, we can find out the relationship between the fields
(1D-PC) structure consisting of / layer; this relation is already
exposed by [26, 27]:

{Eﬂ:MIMZ ...... Mx...... MZN[EI} (9)

The matrix M,_; of the /" layer can be written in the form:

cos(8-1))

Moy = | o
T vy sin(80)

gy sin(@an) |
cos(8-1)) 1o

d¢ -1y and ;- 1) being the matrix parameters as a function
of the incident angle of light, the optical constants, and the
thickness of the layer are expressed as:

MN(-1)
TE mode
Y1) = 0O (12)
N(-1yc080(-1) TM mode

where the wave numbers and intrinsic impedances are:

ki = wy/Eotperty (13)
ok e

= wegy a €0€) (14)

where £y, W, €, and p; are the free space permittivity, free

space permeability, relative permittivity, and relative perme-

ability (u; = 1), respectively.

The 0. is related to the angle of incidence 6, by the
SNELL-DESCART law equation:

n(-1)sin@(j-;) = nesinBy (15)

Considering the transmission matrix of each layer, we can
obtain the transmission matrix of the entire structure. For /
number of multilayer’s, the corresponding transfer matrix
can be defined as a product of matrices and is obtained from
the symmetric PBG structure:

M=M= [ | (16)

The designed (1D-PC) structure with defect layer is
depicted in Fig. 2. Here, the host asymmetry (1D-PC) struc-
ture with the configuration (Air/(PSV? Dy (PS)V?/Air) is
made up of MCP (P), superconductor (S), and dielectric ma-

terials (D). The product of matrices of (1D-PC) structure with
defect layer can be then written as follows [24]:

Table 1 Photonic band gap,

resonant, and cutoff frequency of ds (nm) Cutoff frequency Resonant frequency Photonic band
transmission at different values of [GHz] (peak position) [GHz] gap (PBG) [GHz]
the superconductor layer
thickness for (Air/(PS)’ D; (PS)"/ 40 5.014 13.081 14.992
Air) configuration 60 6.673 13.323 16.302

80 7.844 13.562 17.184

100 8.613 13.821 18.221
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Al |' - —dg=40m —omom dg= 60nm dg=80nm respectively, to the flux of the incident wave. After a few
\ derivations, the total reflection and transmission coefficients
, are given by [28]:
0.8 h
1 — — —
i (my + pg'muz)py'—(may + pg'mas) (18)
Fl - — —
sl (muy + g maz)py’ + (a1 + p'man)
g 3
= HY
€ £l 2. —1
: t= e . (19)
Fooal I (mll + P mlz)pi + (m21 + P m22)
I
I .
I Here pj and p; are the first and last medium of the structure
02t | which are given by:
I
1
0 ! i i nSCTOSGS TE mode
1 Il Il Il 1 _1
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Frequency [GHz] 7 T™M mode
0cosO,
Fig. 3 The transmission spectra versus the frequency at different values o8
of the superconductor layer thickness. (Air/(PS)” D, (PS)’/Air) 6 =0, T]OCOSGO TE d
(n=10"m™> , B=0.4T), (\=200nm , T=4.2K, Tc=92K), (dp=1mm, o Zo mode (1)
dpy=2mm, np,=2.437) Po = Mo ™ mode
ZycosB;

M = H]((zzl\ll+l)Mk _ (MPMS)NMDI (MPMS)(2N+1)

“[ ]

where Mp, Mg, and Mp,; are the transfer matrixes of the MCP,
superconductor, and the defect dielectric layer. m;, mj,, my;y,
and m,, are the complex numbers.

The transmittance ¢ and reflectance » are defined as the
ratios of the fluxes of the transmitted and reflected waves,

my
my;

mj2
my;

(17)

where Zy = \/14y/ €0-

3 Numerical Results

In order to check the validity of the method described in sec-
tion 2, the obtained results for the transmission spectra, the
cutoff frequency, and the peak position as function of the
different parameters values of one-dimensional defective

Fig. 4 Transmission spectra 1 B= 01T 1 B=0.2T .1
versus frequency with variation of 1 B Ay Ty
external magnetic field. (Air/ o I I o I
(PS)” Dy (PS)'/Air) 8=0, e | | o i
(0=10""m ™), (A=200nm , £ | I £ i
T=4.2K, Tc=92K), (dp=1mm, £05 | I £05 i
dg=80nm, dp;=2mm, np;=2.437) g | & :
E | = [
| I i i
I / i 7
0— b = = = — = — —— 0— — o’ —
0 10 20 30 0 10 20 30
Frequency [GHz] Frequency [GHz]
1 B=0.3T 1 = B=0.4T ..
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Fig. 5 The cutoff frequency of 1D defective PCs versus the thickness of
the superconductor layer at different values of magnetic field

photonic crystal structure, containing the magnetized cold
plasma and high temperature superconductor layer, have been
investigated. The proposed structure is restructured as Air/
(P,Sy)" Dy (P,S,)"/Air, where n = 1....N/2 and N is chosen
as 14. The MCP material (P,) parameters to be used in the
following calculations are n, = 10" S m 2 [17],y =2xQ2m)x10*
Hz [19], and dp = 1 mm. For the superconducting layers (S,,)
we use YBa,Cu,O,. With critical temperature Te = 92 K,
penetration depth at T = 0 K is Ag = 200 nm, the operating
temperature is (T = 4.2 K) and ng,, = nypaxcu3or = /€s =
V/1=(ww/w ) 2 [20]. The Titanate de strontium SrTiO; is a
material of the first defective layer (D;) with refractive index
np; = 2.437 [29] and thickness dp; = 2 mm, also we choose

the Indium Arsenide InAs as second defective layer (D,) with
np, =n_InAs = 3.384 [29] and thickness dp, = 2 mm.

Peak position [GHz]
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Fig. 6 The peak position of 1D defective PCs versus the thickness of the
superconductor layer at different values of magnetic field
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Fig. 7 The photonic band gap versus the thickness of the superconductor
layer at different values of magnetic field

3.1 The Superconductor Thickness Effect on the
Transmittance Spectra

Figure 3 shows the transmission spectra versus the frequen-
cy for four different values of the superconductor material
thickness. The dimension of the superconductor layer is
chosen to be dg = 40, 60, 80, and 100 nm, where the thick-
ness of MCP layer and the defect layer remained un-
changed. From the Fig. 3, when the frequency belongs to
the interval [5 8.5] GHz, the width of photonic band gap is
more sensitive to the increasing of superconductor layer’s
thickness. In addition, when dg = 40 nm, the appearance of
the cutoff frequency (f,) at 5.014 GHz, for frequencies less
than f., we see that the appearance of the PBG. It is clear that
further increases in the values of dg to 60, 80, and 100 nm

T T T

;
[- = —T=10K —-—-- T=30K

0.8

o
)
T

Transmittance

N
'S
T

5 10 15 20 25 30
Frequency [GHz]

Fig. 8 The transmission spectra versus the frequency at different values
of temperature. (Air/(PS)’ D; (PS)’/Air) 0=0, (n.=10""m> , B=0.4T),
(7\0=200nm N TC=92K), (dp:lmm, ds=80nm, dD1=2mm, HD1=2.437)
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Table 2 Photonic band gap,

resonant, and cutoff frequency of T (K) Cutoff frequency Resonant frequency Photonic band
transmission for different values [GHz] (peak position) [GHz] gap (PBG) [GHz]
of the temperature for (Air/(PS)’
D, (PS)’/Air) configuration 10 7.770 13.560 17.240

30 7.395 13.450 16.870

50 6.491 13.270 16.670

70 4.265 13,000 15.470

lead to a significant increase in the value of the cutoff fre-
quency (6.673, 7.844, and 8.613 GHz). In other words, the
cutoff frequency shifts towards higher frequency regions
with increasing the superconductor layer thickness.
Apropos of frequency interval [13 14] GHz, we notice the
appearance of the resonant frequency 13.08 GHz when dg =
40 nm, 13.32 GHz when dg = 60 nm, 13.56 GHz when dg =
80 nm, and 13.82 GHz when dg = 100 nm. Finally, we
conclude that the superconductor thickness is a significant
parameter in this structure Table 1.

3.2 External Magnetic Field Effect on the
Transmittance Spectra

In this part, we investigate the influence of the external mag-
netic field on transmission spectra, cutoff frequency, photonic
band gap, and peak position. From the results of Fig. 4, it is
found that a small displacement of the default peak position.
When increasing the external electric field B, photonic band
gap decreases, and more ripple appears at the cutoff frequen-
cy, which shifts to the left.

Transmittance
° ° o °
w (o)) ~ [o<]

I
IS

- - —f=84[GHz]
————— f=8.6 [GHZ] ||

0.3
........ f=8.8 [GHzZ]
seeesseees 2 9.0 [GHz
02 s s ‘ s s ‘ .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Fig. 9 The transmission spectra versus the temperature at different
frequencies. (Air/(PS)’ D; (PS)”/Air) 0p=0, (ne=10"m> , B=0.4T),
(Ag=200nm , Tc=92K), (dp=1mm, ds=80nm, dp,;=2mm, np;=2.437)

@ Springer

3.3 Effect of the External Magnetic Field and the
Thickness of the Superconductor Layer on the
Transmittance Spectra

In order to observe the effect of the thickness of the su-
perconductor layer and the external magnetic field on the
cutoff frequency, peak position, and the photonic band
gap, we vary the external magnetic field from 0.2 to 1 T
and 20 to 200 nm. From the results of Fig. 5, it can be
seen that the effect of varying the thickness of the super-
conductor layer on the cutoff frequency is significant only
for value near the 200 nm. Figure 6 shows that the peak
position increase with the increase in the thickness of
superconductor layer and magnetic field and shifts to-
wards the higher frequency regions. Fig. 7shows the pho-
tonic band gap of the defective 1D PC structure as a
function of the thickness of the superconducting layer,
by varying the magnetic field. The PBG increases with
the increase in the thickness of superconductor layer and
decreases with the increase in the external magnetic field
and shifts towards the higher frequency regions.

0= 7/6 0= /4

0.8

o©
o

Transmittance

<
~

0.2

Frequency [GHZz]

Fig. 10 Transmission spectra versus frequency with variation of incident
angle for TE mode. (Air/(PS)’ D, (PS)"/Air), (n=10"*m™ , B=0.4T),
(Ag=200nm , T=4.2K, Tc=92K), (dp=1mm, dg=20nm, dp;=2mm,
np;=2.437)
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Table 3 Photonic band gap,
resonant, and cutoff frequency of 0 (rad) Cutoff frequency Resonant frequency Photonic band
transmission at different values of [GHZ] (peak position) [GHz] gap (PBG) [GHz]
incident angle TE mode, for (Air/
(PS)’” Dy (PS)’/Air) configuration 0 2.280 12.85 13.85

/6 2.533 13.04 16.71

/4 2.791 13.26 19.47

/3 3.233 13.53 22.67

3.4 Temperature Effect on the Transmittance Spectra

In Fig. 8, results are presented for the transmittance spectra of
the structure (Air/(PS)’ D, (PS)’/Air) versus the variation in
the frequency for several temperature. It can be observed that
increasing the temperature will decrease the cutoff frequency.
This reduction is significant for temperatures near the 70 K.
Also, it is found that the peak position of the defective struc-
ture shifts towards low temperatures. The same behavior has
found theoretically for the case of 1D magnetized cold
plasma-high T¢ superconductor PC (without the defect) [20,
30], which showed that the cutoff frequency decreases with
increasing temperature. In Table 2, we present the calculated
results of the cutoff frequency, the resonant frequency, and the
photonic band gap at different values of temperature.

In addition, Fig. 9 illustrates the variation of the transmit-
tance as a function of the temperature at frequencies 8.4 to
9.0 GHz higher than cutoff frequency. At high temperature, a
strong oscillation is seen, while the oscillation in transmittance
is weak [20, 30]. In other words, the PBG band can be adjust-
ed by varying the temperature. The structure is therefore tem-
perature dependent which could be useful in superconducting
electronics.

3.5 Incident Angle Effect on the Transmittance
Spectra

Figure 10 and Table 3 show theoretical effects of the variation
of'angle of incidence and frequency on the transmittance spec-
tra for TE mode. It is interesting to note that for the TE

polarization, we have found acceptable results for the filter
application, but for the application of TM, poor results are
obtained. These changes can be attributed to polarization ef-
fects and increased mismatch in the optical thickness of adja-
cent layers.

3.6 The Resonant Structures and Quality Factor Q

The trends of variation of the resonant frequencies, the width
of the photonic band gap and the quality factor are also pre-
sented. For the resonant structures, we notice that the ability is
expressed in terms of quality factor Q [29], where Q = f/Af, f;
is resonance frequency, and Af is the line width of the reso-
nance peak. The quality factor therefore makes it possible to
quantify the “quality of a filter,” higher Q, more selective
filter. The resonant peak is located at the design frequency
of f, = 13.566 GHz with quality factor values of Q = 7140,
for the (Air/(PS)’ D, (PS)’/Air).

To investigate the relationship between the number of de-
fect layers and defect modes, we have plotted the transmission
spectra depending on the frequency. The refractive indices of
defect layers were selected: np; =n_SrTiO3; =2.437 and np, =
n_InAs = 3.3842 [29].

In Fig. 11, we have plotted the transmission spectra of the
asymmetric (1D-PC) structure with the configuration (Air/
(PS)” D,SD; (PS)”/Air). In addition, we can observe from
Fig. 12 that the (1D-PC) structure with the configuration
(Air/(PS)” D,PD,SD; (PS)’/Air) with np; = n_SrTiO3 =
2.437 shows the existence three defect modes respectively
within the photonic band gap (PBG).The resonant peak is

Table 4 Frequency of
transmission peak and quality

factor Q for different
configurations

Configuration Peaks f[GHz] Af[GHz] Q=fr/Af
(Air/(PS)” D, (PS)/Air) 1% peak 13.566 0.0019 7140.00
(Air/(PS)” D,SD; (PS)/Air) 1% peak 8.173 0.0015 5448.67
2" peak 16.241 0.03 541.33
(Air/(PS)” D,PD,SD; (PS)"/Air) 1% peak 8.028 0.0016 5017.50
2" peak 13.181 0.0041 3214.63
3™ peak 19.811 0.06 330.17
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Fig. 11 Transmission spectra of (Air/ (PS)’ D,SD; (PS)’/Air) configuration calculated as a function of frequency.

InAs=3.3842, dp=1mm, dg=80nm, dp;=dp,=2mm, B=0.2T, n,=10"%m

located at the design frequency of (f;; = 8.173 GHz, f,, =
16.241 GHz) with quality factor values of (Q; = 5448.67,
Q. = 541.33), for the (Air/(PS)” D,SD; (PS)’/Air) configura-
tion and (f;; = 8.028 GHz, f, = 13.181 GHz, f3 = 19.811
GHz) and (Q; = 5017.50, Q, = 3214.63, Q3 = 330.17) for

np;=n_SrTi03;=2.437, npy=n_

(Air/(PS)” D,PD;SD; (PS)”/Air) configuration. Our results
imply that the number of defect mode can be increased by
the adding of defect layers in structure Table 4.

The results for the quality factors as a function of external
magnetic field are plotted in Fig. 13. The dependences of the
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Fig. 12 Transmission spectra of (A1r/(PS) D,PD,SD; (PS)’/Air) configuration calculated as a function of frequency. np;=n_SrTi03=2.437, dp=1mm,

ds=80nm, dp;=2mm, B=0.2T, n.=10"%m>
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Fig. 13 Variation of quality 3000 - 3000
factor as a function of the external
magnetic field for different g 5
thickness of the superconductor = 2000 = 2000
layer. Structure (Air/(PS)’ D, £ £
(PS)’/Air). TE mode, 8, =0, g g
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(Ao=200nm, T=4.2K, Tc=92K), 3 3
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quality factor at the resonant mode on the magnetic field
strength show the high transmission and the maximum Q fac-
tor appears at B=0.4T for different thickness of the supercon-
ductor layer. The existence of the resonant mode is intuitive,
that is, by coupling the downshifted waves and trapping of an
electromagnetic wave. We have also indicated that using high
temperature superconductors (HTS) layer of the thickness
about 100nm has offset the usual reduction in performance
with miniaturization. This miniaturization not only produces
the microwave filter smaller but also reduces the cooling sys-
tems of superconductor.

4 Conclusion

In this work, a new design and analysis of one-
dimensional defective photonic crystal structure, contain-
ing the magnetized cold plasma and high temperature su-
perconductor layer, are presented. Theoretical results in
terms of the transmission spectra for the various (1D-
PCs) configurations were presented and theoretically in-
vestigated by the transfer matrix method (TMM). Current
simulations show that the width of the photonic band gap
can be adjusted by modifying superconductor layer’s
thickness and the magnetic field. In case of fixed temper-
ature, increasing the superconductor layer’s thickness, al-
so magnetic field could increase the width of the phonic
band gap.

Magnetic field (B) [T]

Moreover, due to the existence of a defective layer, it is
apparently shown that there is a very narrow pass band within
the photonic band gap. The number of the defect modes can be
controlled by adjusting the number of defect layers in the
structure. Therefore, the proposed structure configurations
may be of potential use and interest in many applications such
as optical communication selective filters. The obtained re-
sults have been compared with the published data available
in literature and good agreement and correspondence that
have been found.
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