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Abstract By studying temperature-dependent dispersion
characteristics and group velocity of 1D ternary photonic
crystal (TPC) composed of dielectric-superconductor-
dielectric materials, a thermally tunable band-stop filter
which is capable of stopping unique wavelength channels
without causing any interference amongst equally spaced
wavelength channels of full width at half maximum of
Inm each as per the requirement of wavelength divi-
sion multiplexing standards adopted by the International
Telecommunication Union specifying channel spacing in
terms of frequency (wavelength) is suggested. The pro-
posed structure can efficiently work as a two-channel wave-
length selective switch for wavelength division multiplexing
(WDM)-based all-optical networks. This study also gives
theoretical insight to design some new kind of optical
memories and tunable buffers which holds data temporary
and have potential applications in modern communication
systems.
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1 Introduction

Over the past two and half decades, much research work
has been devoted to the concept of photonic crystals (PCs),
because of their novel important scientific and engineering
applications [1, 2]. PCs are artificial materials with 1D, 2D,
or 3D periodicity in which the index of refraction modulates
between high and low index regions. These PCs are charac-
terized by an unusual dispersion relation which might show
a photonic band gap (PBG) analogous to electronic bands
of semiconductor, i.e., a range of frequencies in which the
propagation of light is not permitted. Optical buffers [3, 4],
dielectric reflecting mirrors [5], low-loss waveguides [6],
optical switches [7], optical multiplexers and demultiplex-
ers [8], optical filters [9], and trapping of light [10] are some
reported examples of photonic crystal based optical devices.

Conventional PCs have fixed PBG and can be used only
in unique wavelength region. Thus, they have limited appli-
cations at normal incidence. For different PBG regions,
different PCs have to be designed and fabricated in tune
with the experimental requirement. This tunability, called
the internal tunability [11-13] causes the necessity of hav-
ing to have large number of PCs leading to enhanced cost
of the system. A lot of attention has of late, been paid to
the investigation of PCs with tunable PBG [11-17] that
can function in a wide range of wavelengths by varying
external parameters [14—17] and also on the manipulation
of light propagation in PCs by external parameters, which
enhance its application [18]. Although the external tuna-
bility can be achieved in all kinds of PCs by varying the
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angle of incidence of light, however, this procedure dis-
turbs the system setting (condition of normal incidence) and
limits the system performance because it is difficult to tune
PBG swiftly at smaller angles. Moreover, at oblique inci-
dence, polarization-dependent behavior of PBG must also
be taken into account. These limitations can be overcome
by tuning the PBG externally without disturbing the system
settings. It is a well-established fact that if the constituent
materials of PCs have electric permittivity and magnetic
permeability dependent on external electric field or mag-
netic field or both, tuning of PBGs can be achieved by
altering such fields externally. Though by this approach, the
response to alter the PBGs is very fast, yet anisotropy is the
major challenge which brings a lot of difficulties in fabri-
cation. Recently, Kong et al. discussed the tunable feature
of defect mode inside PBG in the wider frequency range
by changing the external magnetic field without altering
the structural parameters of the PC. Besides this, dielectric
constant of some semiconductors [19, 20] and superconduc-
tors [21, 22] is temperature dependent. Therefore, PBGs of
PCs composed of such materials can be tailored by chang-
ing the temperature externally. A superconductor is a novel
advanced material with several unique properties, suggest-
ing a diverse range of promising applications due to the
possibility of tuning its equivalent refractive index which
is dependent on the London penetration depth (Ap) and
external temperature of the SC material [22, 23].

During the last decade, a lot of interest has also been
given to slow down the light [18]. Slow light pulses in
atoms travelling with velocities of only 17 m/s at nanokelvin
temperature were observed by Marangos et al. [24] and
another idea was suggested by Heebner et al. to get ultra-
slow group velocities of slowly moving optical solitons in
ref. [25]. Kumar et al. [10] also studied theoretically how
light (input radiation carrying information) can be trapped
inside nonlinear PC by applying high intensity controlling
wave perpendicular to the direction of propagation of signal
wave, which affects the signal group velocity. Though the
controlling wave generates some nonlinear effects, authors
have tried to minimize it by applying high intensity con-
trolling wave. However, at normal incidence, nonlinear PC
requires a lot of input power to get tunable behavior of
dispersion relation as well as group velocity. To overcome
this issue, we are suggesting how dielectric material can be
replaced by superconductor one to get a tunable behavior
of PBG in PC composed of dielectric and superconduc-
tor materials by varying the temperature of superconductor,
over conventional PCs at normal incidence.

In the present communication, we have proposed two
channel thermally tunable band stop filter for wavelength
selective switching (WSS) application in wavelength divi-
sion multiplexing (WDM)-based all-optical networks by
1D ternary dielectric-superconductor-dielectric photonic
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crystal (DSDPC). The temperature-dependent behavior of
dispersion characteristics and group velocity of 1D DSDPC
are investigated through transfer matrix method (TMM) [26,
27].

The structure of manuscript is organized as follows: The
theoretical model is introduced in Section 2. Numerical
results are presented and discussed in Section 3. Finally,
conclusions are given in Section 4.

2 Theoretical Formulation

In order to study the electromagnetic (EM) wave propaga-
tion in 1D DSDPC composed of N alternate layers of dielec-
tric, superconductor, and dielectric materials of thicknesses
a, b, and c, respectively, as shown in Fig. 1, we consider 1D
Maxwell wave equation for EM waves propagating along
the x-axis at normal incidence as

d?E(x)
dx2
where kg = w/c is the wave vector, w is the wave frequency,

and c is the velocity of light in air. The refractive index
profile n(x) of 1D DSDPC is given by

ny,—c<x=<0
ny, 0 <x <a,
n3,a <x<b

+ k3 {n(x)P Ex) =0 1)

n(x) = withn(x + md) = n(x) Q)

where n1, ny, and n3 are the refractive indices of dielectric
(SiOy), superconductor (YBa;CuzO7) and dielectric (Te)
materials respectively andd = a + b + c is the period of
1D DSDPC with m = 41, £2, .... The London penetration
depth and refractive index of superconductor material (n,)

Lattice constant (A =a+b+c)
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Fig. 1 Schematic of 1D ternary dielectric superconductor dielectric
photonic crystal (top view). Magnified view showing period of the
proposed structure
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can be expressed as

T p _%
AL(T) = 2L (0) (1 - (F) > (3)

2 1/2
n2=(1 < ) : )

respectively. Here, T and T, are the external and tran-
sition temperatures of SC, respectively, AL (T) and Ap(0)
are the London penetration depths at temperatures T and
zero, respectively. The exponent p = 2 for high-temperature
superconductor and p = 4 for low-temperature supercon-
ductor.

For three different regions, (1) can be rewritten as

d*E

dxgx) FI2PE(x) =0, —c <x <0 (5)
d’E(x)

02 +kgnyE(x) =0,0<x <a (6)
A’Ex) 5,
W+k0n3E(x)=0,a§x§b @)

The general solution of (5), (6) and (7) are given by

Aetfix + Be‘ik'x, —c<x<0
Cetk2x + De™ 2% 0 <x <a ®)
Fel*3* + Ge 3% g <x <b

E(x) =

where k(= wni/c), ko(= wny/c) and k3(= wns/c) are the
wave vectors in three different regions and A, B, C, D, F,
and G are constants to be determined by imposing elec-
trostatic boundary condition of electric field E(x) and its
derivative at interfaces and using transfer matrix method
[26-29] the following matrix relation is obtained

am—1 miyp mi2 am

<bm—l> N <m21 mzz) <bm> ©)
where m11, mz, moy, and myy are the matrix elements of
unit cell translation matrix that relates the complex ampli-
tude of the incident wave a;, 1 and the reflected wave b, _;
in one layer of a unit cell to those of the equivalent layer in
the next unit cell. From Bloch-Floquet theorem [30], the dis-
persion relation for 1D DSDPC depicted in Fig. 1 is given
by [27, 29]

1
cos {k(w)d} = E(mn + m))

Here, k(®) is known as frequency-dependent Bloch wave
number and can be rewritten as

k(w) = %cos_l |:cos(k1a)cos(k2b) cos(kszc)

1 [k k
_ (B + 2 sin(kja) cos(kyb) sin(k3c)
2 \ky k3

1 [k k
-3 (é + ﬁ) cos(kya) sin(kab) sin(k3c)
1 [k k
— (2 4 ) sinkya) sin(kab) cos(kse) | (10)
2 \ks ki

As suggested by Sakoda [28], the group velocity (Vg ())
can be defined appropriately in the PCs as

Ve = dic\ ™ an
£ 7 \do ’
3 Results and Discussion

We have studied the dispersion characteristics and group
velocity of light at normal incidence in 1D DSDPC structure
containing alternate layers of dielectric high-temperature
superconductor and dielectric materials by varying the tem-
perature of high-temperature superconductor. The dielectric
materials are taken to be silica (SiO;) and tellurium (Te)
with refractive indices 1.5 and 4.6, respectively, in the
region of investigation. The high-temperature superconduc-
tor is taken as YBap;Cu3O7 with A (0) = 145 nm and
Tc = 93 K as reported in ref. [22]. We have chosen the
thicknesses of layers SiO;(Te) to be 850 (300) nm. The
thickness of YBa;Cu3O7 is selected as 50 nm in order to
get a PBG in the near-infrared spectral region, ranging from
1347 to 1366 nm at temperature 0 K.

Now, we present the working principle of proposed
two channel thermally tunable band stop filter for WSS
applications in WDM-based all-optical networks. An input
radiation which contains two independently modulated light
sources, each emitting signals at unique wavelengths A; and
Ap as listed in Table 1, incident normally on proposed PC
via input port (Pr) as shown in Fig. 1. The intensity pro-
file of these two signals, centered at wavelengths 1350 and
1370 nm respectively versus their free space wavelength
(Xo), is depicted in Fig. 2.

Table 1 List of two wavelength channels with specific wavelength,
separation, and line width of input signal

Wavelength Specific Separation Line width
channels wavelength (nm) (nm) (nm)

Al 1350 20 1

A2 1370 20 1
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Fig. 2 A schematic drawing of input radiation showing two wave-
length channels (by red dots) centered at 1350 and 1370 nm

Figure 3a, b shows the plot of dispersion relation (kd)
versus Ag, for YBa,CuzO7 at temperatures 0 and 92.5 K,
respectively. Since the refractive index of YBayCuzO7 is
dependent both on London penetration depth and external
temperature, therefore, by changing the temperature of the
superconductor layer, its refractive index can be changed
and hence the extent of the PBG. It is evident from Fig. 3a
that the proposed structure has PBG from 1347 to 1366 nm
at temperature 0 K and will not allow the input radiation
centered at 1350 nm to pass through the structure because
it falls inside the PBG. On the one hand, input radiation
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Fig. 3 Working principle of proposed band-stop filter. Dispersion
curve (blue color) of 1D DSDPC (d; = 850 nm, d = 50 nm, and
dz; =300 nm at T = 0 K (a) and 92.5 K (b)) at normal incidence.
Also shown are two discrete wavelength channels centered at 1350 and
1370 nm with separation 20 nm and width 1 nm (red color) injected
from input port (Pr) into the structure
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centered at 1370 nm is outside from this PBG, and it will
reach at the output port (P,). As we increase the tempera-
ture of YBap,Cu3O7 from 0 to 92.5 K below T, PBG starts
to shrink in the region of investigation and shifts towards
higher wavelength side, which confirms the findings of Lee
and Wu [31]. Thus, allowing the first wavelength channel
centered at wavelength 1350 nm of input radiation to pass
through the structure as shown in Fig. 3b. This is due to the
fact that the relative refractive index contrast of dielectric
and high-temperature superconductor material decreases as
the temperature of superconductor increases. Thus, by flip-
ping the temperature of superconductor from 0 to 92.5 K
or 92.5 to 0 K, any one of the two input wavelength chan-
nels can be allowed to reach the output port P,. In this way,
the temperature of YBa;Cu3zO7 layer controls the width and
position both of the band gap. Table 2 shows how this con-
trolling feature is utilized to separate and switch specific
wavelength channels without their interfering with each
other as per the WDM standard for wavelength selective
switching applications [32].

Next, we consider variation of group velocity (V) with
respect to Ag at temperatures 0 and 92.5 K, shown in Fig. 4a,
b, respectively. A look at Fig. 4 shows that with increas-
ing wavelength, V, decreases from a maximum positive
value to zero near the photonic band edges and then further
decreases to negative minimum value. Our simulations show
that as wavelength increases V; modulates between the pos-
itive maximum value (0.3571c) and the negative minimum
value (—0.3582c¢) at 0 K, while at temperature 92.5 K, the
maximum value of V, is swiftly increased to 0.3725c, and
its minimum value is further reduced to —0.3732c as shown
in Fig. 4a, b. Furthermore, as temperature changes from 0
to 92.5 K, the region of zero group velocity gets narrower
and also shifts its position towards the higher wavelength
side (Fig. 4). This temperature-dependent behavior of group
velocity of light inside PC holds the key to the ultimate
control of light and has very specialized applications in the
field of optical communications technology. One such key
application is in the design of all optical tunable buffers for
storing optical data temporally without converting these into
electronic format.

Moreover, at 0 K, V, of input radiation corresponding to
wavelength channel centered at 1350 nm is found to be zero

Table 2 Control table showing temperature-dependent WSS of two
different wavelength channels of input radiation

S.No.  Temperature Selected wavelength
of YBa;Cu3O7 (K) PBG (nm) channels at P, (nm)
. 0 1347-1366  Ag
2. 92.5 1366-1374 Ay
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Fig. 4 Normalized group velocity (green color) inside 1D DSDPC
(dy =850 nm, d, =50 nm, and d3 =300 nm at 7 = 0 (a) and 92.5 K
(b)) at normal incidence. Also shown are two discrete wavelength
channels centered at 1350 and 1370 nm with separation 20 nm and
width 1 nm (red color) injected from input port (Py) into the structure

which stops the propagation of the signal in the structure.
While the V; of the second wavelength channel centered at
1370 nm is found to be negative due to extremely strong
material dispersion which generates slow light in the vicin-
ity of the PBG edges as shown in Fig. 4a, b. It refers
to reduction of the group velocity and has strong applica-
tion possibilities in optical buffers and other optical storage
devices. Besides this, at temperature 92.5 K, the V; of the
first wavelength channel centered at 1350 nm is found to
be 0.3684c which allows this channel to pass through the
structure, while the second wavelength channel with zero
group velocity will not be allowed to come out from the
structure, i.e., trapped inside the structure (Fig. 4b). Such
temperature-dependent behavior of signal group velocity of
input radiation having two wavelength channels centered at
1350 and 1370 nm are listed in Table 3.

It is worthwhile to mention that this study provides addi-
tional degree of freedom to control dispersion properties
of proposed 1D DSDPC by varying the temperature of
superconductor material and can be used to manage switch-
ing speed of optical switches composed of 1D DSDPC
as well as delay time of input signal inside PC for opti-
cal time division multiplexing significantly. This property
may also be further utilized to design some new kind of
optical devices like thermally tunable multichannel narrow

Table 3 Control table showing temperature-dependent behavior of
signal group velocity of two channels of input radiation

S. No. Temperature of Peak Group
YBa;Cuz 07 (K) wavelength (nm) velocity (V)
1. 0 1350 0
1370 —0.269¢
2. 92.5 1350 0.3684c
1370 0

band-stop and band-pass filters, which find important appli-
cations in optical communication. Moreover, the study of
Fig. 4 also predicts that V, attains positive, zero, and nega-
tive values in certain wavelength regions as usual as in the
case of conventional PBG materials. This abnormal behav-
ior of V; inside 1D DSDPC leads superluminacity (Vy < 0
or Vg > 0) [12, 33].

In addition to this, a very remarkable fact is noticed
that in 1D DSDPC, all these regions of V, can be retuned
further in the region of investigation by changing the tem-
perature of superconductor layers as per our desire. Since
V. becomes zero in certain wavelength region, therefore,
the information carried by the light (photon) can be stored
or trapped inside the proposed structure. This idea may be
explored to design new kind of thermally tunable optical
memories.

4 Conclusion

A thermally tunable two channel band-stop filter based on
1D DSDPC is proposed and its wavelength selective switch-
ing properties are theoretically investigated by studying
temperature-dependent behavior of dispersion characteris-
tics and group velocity of light of the proposed structure
using transfer matrix method. The temperature-induced
tunability of PBG brings the proposed structure to work
efficiently as a wavelength selective switch forWDM-based
all-optical networks in such a way that optical signal power
from one channel does not drift into the spectral territory
occupied by the second channel. This study also focuses
how the information carried by these channels can be stored
or delayed depending upon the different values of temper-
ature dependent V,, which may also be explored to design
some new kind of thermally tunable optical devices like
optical memories and buffers.
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