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Abstract
In the present work, we introduce a study about the reflectance properties of a one-dimensional superconductor photonic
crystal in a different manner. Our structure is designed from alternately layers of high-temperature superconducting material
(BSCCO) and a conventional superconducting material (Nb) terminated by the dielectric cap layer. The investigated
numerical results are essentially based on the basics of the transfer matrix method and the two-fluid model. The numerical
results showed the appearance of two sharp peaks, which are referred to Fano and electromagnetic-induced reflectance
resonances. Also, we demonstrate the effects of many parameters on the reflectance properties of Fano resonance and the
electromagnetic-induced reflectance. The effects of the constituent layer thicknesses, the number of periods, the operating
temperature, the angle of incidence, and the refractive index of the dielectric cap layer are all considered. Finally, the effects
of hydrostatic pressure on the Fano and EIR resonances are studied and calculated. This structure can play an important role
in optical switching devices.
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1 Introduction

Photonic crystals (PCs) are periodic structures in one,
two, and three dimensions [1]. These new composites
opened a new covenant to optics due to their capability to
control the propagation of electromagnetic waves [2, 3].
Such control can be investigated due to the appearance
of some stop bands of specified frequencies in which
the propagation of the incident electromagnetic waves of
any frequency is effectively prohibited [4, 5]. These stop
bands are named later the photonic band gaps (PBGs)
[6–10]. Therefore, PCs become the cornerstone for many
optical and medical applications such as filters, switches
[11], modulators [12, 13], and biomedical sensors [14,
15]. Among the past decades, many types of materials
such as dielectrics, organic, and dispersive materials are
suggested in the design and fabrication of PCs. However,
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PCs have a superconducting material in their components
and are very interesting and promoted [16]. Such kind of
PCs have the ability to control the width of the PBGs and
provide tunable optical properties. Also, these materials
possess the possibility for modifying its permittivity
depending on its sensitivity to the external magnetic
fields and the temperature [17]. In a different manner,
the optical resonance phenomena have been appeared in
PCs. PCs with such novelty could be used in many
important applications such as narrowband optical filters
[18], polarization selectors, modulators, switches, and
sensors [19–21]. In recent years, a significant attention is
devoted toward the Fano resonance and electromagnetic-
induced reflectance (EIR) due to their symmetric line
shape. Fano resonance is produced when a discrete quantum
state interferes with a continuum band of states [22, 23].
Fano resonance phenomenon has received a considerable
attention in the optical community due to their sharp
transmission or reflection curves. These transmission curves
could be promising in many optical and switching devices
[24–26]. EIR is known as a sharp reflectance peak located
in the middle of a broad resonance valley of the reflection
curve. EIR is reported in planar materials [27] and
coupling resonator waveguide [28, 29]. The physics of Fano
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resonance and EIR can be studied by the well-known model
of two coupled driven oscillators [28–32].

In this article, we investigate theoretically both Fano and
EIR line shapes in one-dimensional PCs. The theoretical
modeling is essentially based on the two-fluid model and
the transfer matrix method. Here, the one-dimensional PCs
are designed using two different superconducting materials
terminated by a dielectric cap layer. Also, the effects of
several parameters on the line shape of Fano and EIR
resonances such as the angle of incidence, the number of
periods, the thicknesses of the constituent materials, the
operating temperature of the superconducting materials, and
the index of refraction of the cap layer are studied and
discussed.

2 Theoretical Analysis

Figure 1 shows the schematic diagram of the one-
dimensional superconductor PCs. This structure is consist
of two different superconducting materials, as shown in
Fig. 1a, then we terminate it by adding a dielectric cap
layer, as observed in Fig. 1b. The refractive index of the
superconducting layer is frequency dependent and can be
obtained based on the fundamentals of the two-fluid model
[33–40]. Thus, the relative permittivity is given as:

εs (ω) = 1 − c2

ω2 λ2L
. (1)

Fig. 1 A schematic diagram of the proposed one-dimensional PC
structure consists of two different superconductors S1 and S2 awithout
dielectric cap layer and b with the dielectric cap layer

where c is the velocity of light in a vacuum and λL is the
London penetration depth that is given as:

λL = λL(T ) = λ 0/
√

(1 − (T /Tc)
q), (2)

where λ0 is the penetration depth at T = 0 K, T is the
operating temperature, and Tc is the critical temperature
of the superconducting materials. Then, q = 2 for high
Tc superconducting materials and q = 4 for low Tc
superconducting materials. Therefore, the refractive index
of the superconducting layer is equivalent to the square root
of (1).

Using the two-fluid model and the transfer matrix
method, the interaction between the incident electromag-
netic waves and our design could be formulated. Such
interaction can be obtained based on the analysis of the
electric field interaction within the structure along the spec-
ified direction in terms of the dynamical and propagating
matrices, thus we have [33–42]:

M =
(

M11 M12

M21 M22

)
= D−1

0 (D1 P1 D−1
1 D2 P2 D−1

2 )NDs,

(3)

where the dynamical matrices (D) for TE waves are
expressed as:

Dm =
(

1 1
nm cos θm − nm cos θm

)
, (4)

with m = 0, 1, and 2. Whereas, the propagation matrices
(P) take the form:

Pm =
(
cosφl + i sinφl 0

0 cosφl + i sinφl

)
, (5)

where φl = 2πdl

λ
nl cos θl , l = 1 and 2. Then, we can obtain

the reflection coefficient using the matrix elements of (3) as
follows:

r = M21

M11
. (6)

Finally, the reflectance for the incident wave is given as:

R = |r2|. (7)

3 Results and Discussion

In this section, we present the numerical results based on
the aforementioned equations. Here, we demonstrate the
variation of the reflectance properties of our structure with
the normalized frequency at the normal incidence case. Our
structure is designed from two different superconducting
materials, S1, S2, as observed in Fig. 1a. We consider the
first layer to be Nb with (d1 = 0.07 μm, Tc = 9.25 K, λ0 =
0.0834 μm) [41]. Wherein, the second one is BSCCO with
(d2 = 0.01 μm, Tc = 95 K, λ0 = 0.15 μm) [32]. Then,
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we set the operating temperature to be T = 4.2 K and
the number of periods N = 50. The proposed structure
is immersed in air. In the begining, we demonstrate the
effect of the cap layer on the reflectance characteristics
of our structure. Then, we discuss the effect of the many
parameters such as the angle of incidence, the number of
periods, the thicknesses of the constituent materials, the
operating temperature of the superconducting materials,
and the cap layer index of refraction on the reflectance
properties of our design. Figure 2 shows the variations
of the reflectance versus the normalized frequency in the
absence of the dielectric cap layer. The figure indicates the
appearance of two symmetric narrow reflectance peaks (E
and F) with a narrow line width. The adjacent side bands of
the two resonance peaks are close to zero.

In the presence of the dielectric cap layer with dc =
20 nm and nc = 2.5, two important optical resonances
appeared, as shown in Fig. 3. The figure shows that the
dielectric cap layer has a significant effect in producing both
the EIR and asymmetric Fano resonances. Moreover, the
side bands around peak E form a broad upward reflectance
valley which is known as the EIR resonance. In addition,
the amplitude of peak E increases but the spectral position
remains unchanged. The side bands of peak F form a broad
downward concavity with a amplitude and with no change
in the spectral position. This feature is useful for many
applications, allowing the reflectance to be switched from
total reflection to total transmission. So, it can underpin the
concept of many switching devices in photonics.

Now, we discuss the effect of different parameters on
the reflectance properties of our structure for TE waves.
Firstly, Fig. 4 shows the effect of the angle of incidence
on the characteristics of EIR and Fano resonance. At θ =
0◦, Fano resonance and EIR are obtained at 1.11 and
1.56 normalized frequencies, respectively. As the angle of
incidence increases to 10◦ and 20◦, both Fano resonance
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Fig. 2 Reflectance spectra of our periodic structure against the
normalized frequency
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Fig. 3 Reflectance spectra of the one-dimensional superconductor PCs
in the presence of the dielectric cap layer

and EIR are shifting toward the high frequencies. In
addition, their amplitudes are almost unaffected. For further
increment of θ = 0◦ to θ = 30◦ peaks shifting toward
the higher frequencies are still present. However, the second
peak (peak E) begins to appear in an asymmetric line shape
like the Fano resonance peak. The EIR turned to another
shape of Fano resonance; this result is explained by the two
coupled oscillator modes [28–30]. Two coupled oscillator
modes describe EIR resonance as a special case of Fano
resonance when the frequencies of strongly and weakly
damped oscillators matched. As the incident angle increases
to 30◦, the phase shift changes and EIR turns to Fano
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Fig. 4 The response of Fano resonance and EIR with the variation of
the angle of incidence
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resonance. Thus, the variation of the angle of incidence
plays a distinct role in controlling the position of EIR and
Fano resonances.

Secondly, we discuss the effect of the number of periods
on the properties of Fano and EIR resonances, as shown
in Fig. 5. Figure 5 shows that the number of periods has a
significant effect on both EIR and Fano resonances. As the
number of periods increases from 30 to 50, 70, and 90, Fano
resonance line shape shows an abrupt change from high
to low reflectance with a narrow line width. Furthermore,
the difference between the maxima and minima in Fano
resonance peak increases as well. On the other side, the
reflectance values of the EIR resonance peak increases with
the number of periods, as shown in the figure. Moreover,
the width of this peak decreases with the increments of the
number of periods. However, the positions of the EIR and
Fano resonance are almost unaffected by the variation of the
number of periods. Therefore, the number of periods plays
an important role in controlling the reflectance properties of
Fano and EIR resonance peaks.

Thirdly, Fig. 6 illustrates the effect of the refractive index
of the dielectric cap layer on the EIR and Fano resonances.
At nc = 1.3, both Fano resonance and EIR peaks take
symmetrical line shapes with high reflectance values close
to unity. As the value of nc increases from 1.3 to 1.6 and 2,
the reflectance properties of Fano resonance peak are almost
unchanged. However, the EIR peak begins to change from
the symmetrical line shape to the asymmetrical line shape.
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Fig. 5 The effect of the number of periods on the reflectance
characteristics of EIR and Fano resonance peaks
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Fig. 6 Reflectance spectra of our structure at different values of the
refractive index of the dielectric cap layer

In addition, the maxima and the minima of this peak are
strongly affected with the increase of nc value, as shown in
the figure. For nc = 2.5, the EIR peak begins to return to
the symmetrical line shape. Whereas, Fano resonance peak
varies to the asymmetrical line shape. Such parameter could
be crucial in adjusting the reflectance characteristics and the
shape of Fano resonance and EIR peaks.

In what follows, we study the effect of the thickness
variation of the first superconductor layer on the reflectance
properties of our design. Figure 7 shows the distinct effect
of d1 on Fano and EIR resonances. As d1 increases from
0.07 to 0.09 μm, Fano resonance peak is shifted downwards
the low-frequency regions with the appearance of a new
Fano resonance peak at normalized frequency value equals
to 2.6. Whereas, the EIR resonance peak shifted toward the
high normalized frequency regions, as shown in the figure.
Wherefore, the phase shift between the EIR and the first
Fano resonance peaks increased. As d1 increases to 0.07
and 0.15 μm, new Fano resonance peaks of asymmetrical
and symmetrical line shapes begin to appear between the
first Fano resonance and the EIR peaks. Moreover, the
EIR resonance peak appeared in the asymmetrical line
shape. Figure 7 demonstrates that the number of Fano
resonance peaks could be controlled depending on the first
superconducting layer thickness. Such property could play
an important role in many optical switching devices.

Figure 8 shows the reflectance properties of EIR and
Fano resonances at different thicknesses of the dielectric



J Supercond Nov Magn (2018) 31:3827–3833 3831

1.5 2 2.5 3 3.5 4
0

0.5

1

normalized frequency

R

d1=0.07µm

1.5 2 2.5 3 3.5 4
0

0.5

1

normalized frequency

R

d1=0.09µm

1.5 2 2.5 3 3.5 4
0

0.5

1

normalized frequency

R

d1=0.1µm

1.5 2 2.5 3 3.5 4
0

0.5

1

normalized frequency

R

d1=0.15µm

Fig. 7 Reflectance spectra of our structure at different values of the
first superconductor layer thickness

cap layer (dc = 0.005μm, dc = 0.008μm, dc =
0.01μm, dc = 0.02μm). At dc = 0.005 μm, there are two
asymmetric resonance peaks in the reflectance spectrum
corresponding to Fano and EIR resonances. As dc increases
to 0.008, 0.01, and 0.02 μm, the position and the shape line
of Fano resonance peak are almost unaffected. However,
the position of the EIR has shifted downwards the low
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Fig. 8 The dependence of the position and the shape line of the EIR
and Fano resonance peaks on the dielectric cap layer thickness

normalized frequency regions. Wherefore, the phase shift
between Fano resonance and the EIR peaks decreases.
In addition, the EIR peak line shape changes from the
asymmetrical shape at dc = 0.008 μm to the symmetrical
shape at dc = 0.01 and 0.02 μm as shown in the figure.

3.1 The Effects of the Operating Temperature
on 1DSPC

In this section, we present the effects of the operating
temperature on the reflectance properties of our design.
Figure 9 shows that the operating temperature has a slight
influence on the EIR and Fano resonance peaks. As the
operating temperature (T ) varies from 2 to 4 K, the
resonance peaks are shifted downwards the low normalized
frequencies with a small decrease in the intensity of the EIR
peak as observed in Fig. 9. For more increments in the value
of the operating temperature, the intensity of the EIR peak
decreases till reaches it 0.2 at T = 7 K. in addition, Fano
resonance peak becomes sharper.

3.2 The Effects of the Hydrostatic Pressure on 1DSPC

Finally, we studied the effects of hydrostatic pressure on
the reflectance spectrum of 1DSPC (T = 4.2 K and N =
50 period) at the normal incidence case. The thickness of
the first superconducting layer will be considered to d1 =
75μm. According to the compressibility constant ka =
2.57 × 10−3Gpa−1, the thickness of the superconducting
layer can be modified as the reference [43, 44]. λ0 is
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Fig. 9 Variation of reflectance with normalized frequency at different
values of the operating temperature
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assumed to be constant, and the critical temperature of the
superconducting layer due to the applied pressure can be
described from the following relation Tc = q1 + q2 × P +
q3 × P 2, where q1, q2 and q3 are constants and we can
calculated as similar in references [45, 46].

Figure 10 shows the reflectance spectrum as a function
of the normalized frequency and hydrostatic pressure.
By increasing the hydrostatic pressure from zero to 20
GPa, Fano resonance is shifted to the higher normalized
frequency region with increasing the difference between
its maximum and minimum peaks. Also, EIR resonance
is shifted to the higher normalized frequency region with
increasing its peak reflectance value. This variation can be
explained according to the relations between the critical
temperature and the applied pressure. By increasing the
pressure value, the critical temperature increases and the
fraction T /Tc become smaller which leads to the shift of
EIR and Fano resonances to the high normalized frequency
region. Moreover, we note that when we increase the
hydrostatic pressure to more than 20 GPa, there is no
change observed, which means EIR and Fano resonances
are sensitive to the hydrostatic pressure till 20 GPa.

4 Summary and Conclusions

In summary, we can conclude our findings as follows:

1. Based on the fundamentals of the transfer matrix
method, we investigated the reflectance properties of
the one-dimensional superconductor PCs theoretically.
Our periodic structure is designed from alternate
layers of high-temperature superconducting material
and conventional superconducting material terminated
by the dielectric cap layer.
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Fig. 10 Reflectance spectrum of 1DSPC at two values of zero
hydrostatic pressure P = 0 and 20 GPa

2. The investigated results showed the appearance of two
resonance peaks that correspond to Fano resonance and
EIR. The presence of the dielectric cap layer has a
significant role on the reflectance characteristics of the
two resonance peaks.

3. The tunable features of Fano and EIR resonances
can vary by different parameters. Since the angle of
incidence, the number of periods, the thicknesses of
the constituent materials, and the operating temperature
could change the position, the line shape, the intensity,
and the number of resonance peaks. These results
show that the proposed structure could be suitable for
many potential applications in optical switches and the
sensing of Fano resonance line profile.

4. By studying the effect of hydrostatic pressure on the
Fano and EIR resonances, it was found that Fano and
EIR resonances can be shifted to the higher normalized
frequency region with increasing the pressure value of
the superconductor PCs structure.
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