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h i g h l i g h t s

� Effects of temperature on the defect mode of PCH are numerically analyzed.
� Thermal-expansion effect and thermal-optical effect are simultaneously considered.
� Low temperature sensor with high sensitivity can be designed based on the PCH.
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a b s t r a c t

The temperature dependence of the defect mode in a one-dimensional dielectric photonic crystal het-
erostructure (PCH) with a superconductor defect was theoretically investigated by simultaneously
considering thermal-expansion effect and thermal-optical effect. For comparison, four structures are
discussed. It is found that a dielectric PCH with a superconductor defect has very high temperature
sensitivity. The average change in the central wavelength of the defect mode is 7.313 nm/K in the range of
temperature variation from 10 K to 90 K. The structure may be used as a low temperature sensor.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

A periodic structure that exhibit photonic band gaps (PBGs) with
a certain range of optical waves inhibited to propagate is the so-
called photonic crystal (PC). PC has attracted attentions since de-
cades ago. With recent advances in nanoscale fabrication tech-
niques, a variety of new devices can be designed and produced
based on PC, such as PC waveguides, PC lasers, and PC optical
switch. In recent years, the tunable PC had become a hot study
focus with respect to the research and the application. Many kinds
of materials have been used to construct tunable PC, such as liquid-
crystal [1], semiconductor [2], and magnetic fluid [3]. Among a
variety of PCs containing tunablematerials, the superconducting PC
has attracted widespread interest in recent years [4e6]. An

important advantage of the superconducting PC is that its PBG is
tunable because the permittivity of a superconductor can be tuned
by the system temperature and the external magnetic field.

On superconducting PC, much attention primarily focuses on
the properties of photonic band structures. As an important
component of the superconducting PCs, the superconductor has
also been used as a defect layer or part of a pair defect in a die-
lectricedielectric PC or a metamaterial-dielectric PC. Hu et al. [7]
have theoretically analyzed the effects of superconducting film on
the defect mode in a dielectric PC heterostructure. Their calculation
results are shown that the defect mode will be blue-shifted as the
thickness of superconducting defect layer or the incidence angle
increases. Srivastava [8] analyzed the defect mode properties in a
one-dimensional dielectricedielectric PC containing a high and low
temperature superconductor as a defect layer at different temper-
atures below the superconducting transition temperature (Tc).
Lyubchanskii et al. [9,10] first considered a complex defect (with a
superconducting film and a dielectric layer) in a
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dielectricedielectric PC. Becerra O. et al. [11] had studied the
transmission coefficient and dispersion relation for a 1D PC of
alternating dielectric-metamaterials slabs with a dielec-
tricesuperconductor pair defect. J. Barvestani et al. [12,13] focused
on the defect mode properties of two-dimensional dielectricedi-
electric PC containing superconducting defect.

One of the important features of superconducting materials is
that its permittivity can be tuned by the system temperature and
the external magnetic field. Currently the influence of temperature
on the transmission spectra of superconducting PC has been
extensively investigated [8,9,14]. However, the thermo-optical ef-
fect and thermal-expansion effect of the materials which construct
PCs have been ignored in these studies when the temperature
changes. In this work, we consider a dielectric PC heterostructure
with a superconducting defect layer. In Ref. [10], Dadoenkova et al.
have given a detailed study on the influence of the thickness of
superconducting defect layer and the angles of incidence on the
defect mode properties. After the study of Dadoenkova et al., Hu
et al. have theoretically investigated a more simple structure [7].
But the effect of temperature on the defect mode in this PC heter-
ostructure has not been investigated in their papers. Here, char-
acteristics of defective mode for this PC heterostructure are studied
at different temperature by simultaneously considering thermal-
expansion effect and thermal-optical effect.

2. Theoretical model and numerical method

The dielectric PC heterostructure considered by Hu et al. [7] can
be expressed as (HL)NS(LH)N, where H and L stand for the different
dielectric layers with high and low refractive nH and nL, respec-
tively, layer S is the superconducting defect layer and N is the stack
number. For comparison, the other three structures have also dis-
cussed in following section, namely (HL)N(LH)N, (LH)N(HL)N, and
(LH)NS(HL)N. In our calculation, the material parameters of the
dielectric material are taken from Ref. [15]. We assume the layer H
of the thickness dH to be Bi4Ge3O12 (BGO). The layer L of the
thickness dL is SiO2. The period of the structure is D ¼ dH þ dL. The
defect layer S is assumed as superconductor YaBa2Cu3O7 (YBCO)
with thickness dS. The medium surrounding the dielectric PC het-
erostructure is a vacuum.

The electromagnetic response of the superconductor in our
structure can be well described by the two-fluid model together
with the London local electrodynamics. Here we suppose the su-
perconductor material is nonmagnetic. That is the relative perme-
ability of superconductor material ms ¼ 1. With some
approximations, the complex conductivity of a lossless supercon-
ductor can be written as [7,8]
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where the temperature-dependent London penetration depth is
given by
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where l0 is the London penetration length at temperature T ¼ 0,
and Tc is the critical temperature of a superconductor. With (1), the
relative permittivity can be expressed as
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It can be seen clearly that the relative permittivity of the su-
perconductor is dependent on the frequency and the temperature
as well.

It is well known that the thickness and refractive index of me-
dium can be changed due to the thermal-expansion effect and
thermo-optical effect. In certain temperature range, the thermal-
expansion effect can be described as

dðTÞ ¼ d0ð1þ aDTÞ (5)

where a is the thermal-expansion coefficient, and DT is the tem-
perature deviation. d and d0 are the thickness of each layer under
the actual and room temperature, respectively. According to the
thermo-optical effect, the relation between the temperature and
the refractive index can be written as

nðTÞ ¼ n0ð1þ bDTÞ (6)

where b is the thermo-optic coefficient. n and n0 are the index of
refraction of each layer under the actual and room temperature,
respectively.

Our calculation is based on the transfer matrix method (TMM),
which is one of the most effective methods to analyze the trans-
mission properties of the PC. Let an incident electromagnetic wave
from vacuum have an angle q of incidence upon the PC structure.
For the transverse electric (TE) wave, the electric field E is assumed
to be in the y-direction, if the dielectric layers are in the x-y plane,
and the z-direction is normal to the interface of each layer. In
general, the electric and magnetic fields at any positions z and
z þ Dz in the same layer can be related via a transfer matrix
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.
Then the transmission coefficient t(u) can be obtained from the
transfer matrix method

tðuÞ ¼ 2 cos q
ðm11 þm22Þcos qþ i

�
m12 cos2 q�m21

� (8)

Here mij(u) (i, j ¼ 1, 2) is the matrix element

ofXNðuÞ ¼
QN

j¼1Mjðdj;uÞ which represents the total transfer matrix
connecting the fields at the incident end and the exit end. The
treatment for a TM wave is similar to that for a TE wave. If t(u)is
determined, the transmittance can be calculated by:

T ¼ t,t* (9)

3. Numerical results and discussion

In the following calculations, the superconductor material is
taken as YBCO and its critical transition temperature and London
penetration depth at zero temperature is Tc¼ 92 K and l0¼ 140 nm,
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