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We show that it is possible to obtain large field transmission through a periodic structure at
frequencies where the field is lossy in a finite temperature superconductor. The feat is accomplished
by using thin superconducting layers. This makes the superconductor photonic crystal useful for
transmitting signals over larger distances at higher temperature. Narrow transmission resonances due
to surface plasmon effect are damped more quickly with increasing temperature than broader
transmission bands. The temperature dependence is useful, particularly for developing optothermal
sensors in terahertz and far infrared regimes. © 2011 American Institute of Physics.

[doi:10.1063/1.3639288]

. INTRODUCTION

Photonic crystals (PC) has been widely studied theoreti-
cally and developed for commercial applications using exist-
ing semiconductor technology. A defect in a photonic crystal
serves as a microcavity that provides quantum electrodynam-
ics (QED) effects, such as modification of the fundamental
properties of radiation emitted by atoms and molecules inter-
acting with the structurally controlled vacuum fields." The
QED effect has been utilized to make low threshold micro-
lasers® and light emitting diodes (LED). The highly disper-
sive property of photonic crystal fiber has been used to
generate ultra-wide bandwidth light source.

The use of superconducting materials in photonic crys-
tals opens up new possibilities, due to the dependence of the
optical properties of superconductors on temperature and
magnetic field. Recent work shows the existence of a super-
polariton gap in a superconductor-dielectric superlattice
only for light with H-polarization or TM mode. It was real-
ized that the gap falls in the infrared regime. By using certain
structural parameters and high T, superconductors, it is pos-
sible to create a low frequency gap with size of about
10" Hz (10 THz) and a superpolariton gap is in the 10'* Hz
(mid-infrared). The low frequency gap can be used to manip-
ulate THz radiation, while the superpolariton gap is useful
for controlling infrared radiation and serves as a heat screen.

In this paper, we incorporate superconducting layers
into a dielectric/semiconductor crystal, as shown in Fig. 1,
and study the linear optical responses of the photonic crystal.
The structure has temperature dependent peaks in the disper-
sion, reflectance, transmittance, and surface-plasmon effect
that can be used as sensors or switches in optical networks
and is integrated with mid-infrared lasers for various applica-
tions. In a lot of recent works,*'? temperature dependent
photonic crystals were based on Casimir-Gorter relation,"?
which provides an unrealistic description of the temperature
dependence, since it is not valid for temperature above the
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transition temperature 7,.. We present a correct temperature
dependence for the superconducting parameters that enables
realistic analysis of the optical properties across the 7.

Il. OPTICAL RESPONSE AND TEMPERATURE
DEPENDENCE

The optical response of the superconductor in layer 2 of
the superlattice can be well described by the two-fluid
model'? and the local London’s theory. The theory is appli-
cable to high-temperature superconductors. Hence, the linear
response of the superconductor can be described by the com-

plex conductivity
LYY (U (LN | SO
1+ (w1) 1+ (wr)” @t

where ¢ = n‘cez/m is the normal d.c. conductivity,
f(T) = sl 1 - fu is the proportion of superfluid (sub-

script “s”; depends on temperature T, n is the total electron
density, and n; is the superelectron density. The dielectric
function of the superconductor is obtained from
&(w,T) =1+ MEZ#T) The imaginary part % +L contrib-
utes to the dispersion, where z = wt. The real part gives
absorption and can be minimized at low temperature and high

frequency.
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FIG. 1. (Color online) Finite bi-layer superconductor photonic crystal show-
ing arbitrary angle of incidence 0 and the continuous temperature-dependent
superfluid fraction f; for high temperature superconductor (HTS) and metal-
lic superconductor (MS).
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tor k; =2 ;‘Jﬁ; (&2 = &(w,T), & = 10) at the interface of
the superconductor-dielectric with plasmonic resonance. We
use temperature-related parameters y = 2 and S, = 170, with

a=800nm,, =1/(8 x 10'3), n = 10”7, and n, = 2n.
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FIG. 3. (Color online) (a) photonic band structure dispersion, (b) reflectance R, (c) transmittance 7 at different temperatures across 7. Layer 1 is a dielectric
with ¢; = 10. Layer 2 is a superconductor. The parameters used are (subscript 2 indicates layer 2): angle of incidence 6 = /4, 1, = (8 X 10'3)_l s,n =107,
and n, = 2n, with temperature-related parameters y = 2 and S, = 170 and structural parameters N = 15, a = 800 nm, and d, = 500 nm.
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FIG. 4. (Color online) Same as Fig. 3 except with narrower superconductor layers ¢, = 100 nm. (a) Photonic band structure dispersion, (b) reflectance R, and
(c) transmittance 7 at different temperatures across 7. Layer 1 is a dielectric with ¢; = 10. Layer 2 is a superconductor.

At high frequency, (w7)*>1 and o(w,T)~0
[L + 1&] , with the ratio of imaginary to real part becoming

(w1)?
ot

I which is large and the superconductor is more transparent
especially at low 7. On the other hand, at low frequency,
(w1)* < 1 we have o(w, T) ~ a[ff + z(%)], with the ratio of
the imaginary to the real part becoming fﬁor’ which is large
and more transparent, especially at low 7.

The London penetration depth at T =0 is 4, = \/%
The well-known temperature dependence in ny(T) is' given
by the Gorter-Casimir relation ny(T)/n = 1 — x*. This rela-
tion becomes negative, which is unphysical for x = % > 1.
To study the temperature dependence near the transition tem-
perature, we modify the Gorter-Casimir relation by removing

the cusp based on a simple expression in the Appendix of
Ref. 14.

FIG. 5. (Color online) Transmission for different N
number of layers at T = 0.87,. for the H-polarized case.
Other parameters are the same as Fig. 4.
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dielectric with phonon-polariton dispersion

o al2nc

0.08

 al2nce

1.08
o al2nc

x10
T_
4 3
08 2
1
08
0.1 0.6
02 5‘ 0.08 s 20 i
0.06 o 0.06 “T/Tc
® al/2nc

FIG. 6. (Color online) Temperature dependence of narrow transmission peaks for the H-polarized case. Same as Fig. 4, except layer 1 with constant dielectric
has been replaced by frequency dependent dielectric function describing phonon-polariton dispersion with parameters wr = 87meV, ¢ = 7.65, €5, = 2.99,
and y = 273.6512 x 10'! 57!, The second and third rows magnify the lower circle region of low frequency (around 0.08) bandgap and the upper circle region

(around 1.00) of polariton dispersion, respectively.

X3

fs(T)=%l1—x4+ -+ @

where § is a positive number chosen to smoothen the cusp.
This function is always positive and provides a simple quali-
tative description of the temperature dependence.

The first layer is a dielectric material to be specified
later. The dispersion of the photonic crystal can now be
obtained by using the Bloch-Floquet theorem: '’

cos Ka = cos(ki.dy) cos(ka.da)
1

— = (rp + l) sin(ki.dy ) sin(ka.d>). 3)
2 p

Here, r, is g = i—f for incident light with E-polarization

@ o
and ry :i—fé for H-polarization, where k;, = (w/c)

\/ &l — EpL sin? 0 are the z-component wavevectors in the

superconductor (j =2) and dielectric (j = 1) layers. The
solution for K from Eq. (3) enables the reflection and
transmission coefficients, 7(®) and #(w) to be computed by
using Abeles theory.'® The transmission 7 (o) = |t(w)|?
and reflection R(w) = |r(w)|* spectra can then be obtained.
Further details can be found in Ref. 3. For very thin super-
conductor (nanolayers), the dispersion relation may be sim-

plified to cos Ka = cos(ky,d;) — %(rp + i)kzzdz sin(kydy).
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lll. RESULTS AND DISCUSSIONS

The real and imaginary parts of the refractive index
ns(w) = /¢&(w), plotted in Fig. 2(a), show that the super-
conductor is highly absorptive for wa/2nc = a/. < 1. The
curves do not vary significantly with temperature except
some rounding off near the 7.. An interesting result
is found in the superplasmonic enhancement by the
superconductor-dielectric interface. The tangential wave-
vector of the surface plasmon ka/2n = a/J.4 = 15 in Fig.
2(b) shows a resonance at a/A = 0.3 close to absolute zero.
This is equivalent to 1/, = 50, a significant subwave-
length enhancement. Unfortunately, the imaginary part is
also very large and the enhancement factor drops with
increasing temperature.

The results for transmission 7 and reflectance R are
shown in Fig. 3 for E- and H-polarizations. For certain pa-
rameters, 0 = 45° and d, = 300 nm with E-polarized light,
we find quasiperiodic transmission peaks almost equally
spaced. This feature could be useful for obtaining a fre-
quency comb from a supercontinuum light source. However,
the height of those peaks at low frequencies gradually
decrease as the temperature increases toward 7,. Such peri-
odic peaks almost do not appear for finite temperatures in H-
polarization. The dispersion also shows a single defect mode
with very narrow transmission. However, it is found only at
temperature close to absolute zero and drops very rapidly as
the temperature increases towards 7.

When the superconducting layer is made narrower,
d, = 100 nm, the transmission peaks increase, especially at
lower frequencies (see Fig. 4). This might seem surprising
and counterintuitive at first, since the imaginary part of
ns() is much greater than the real part for a/A < 1, accord-
ing to Fig. 2(a). It is due to the periodic tunneling of the
evanescent/damped fields from the narrow superconducting

0.1

0.1
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FIG. 7. (Color online) Superfluid fraction, photonic
band structure, reflection, and transmission for the all-
superconductor structure with MS as layer 1 and HTS as
layer 2. Layer 1 has parameters of 7, = (7 x 10'3)7's
and n; = 10?7, with temperature dependence parameters
S1 = 500 and y = 4, and structural parameters N = 15,
a = 200 nm, and d, 100 nm. The parameters for layer
2 are the same as in Fig. 3. The transition temperatures
are T, =25Kand T, = 30K

layers into the dielectric layers that enable the continuity in
the field propagation through the dielectric layer. A narrow
transmission peak appears at a/A = 1.1 for the H-polarized
case, due to the tangential component of the E-field, possibly
connected to the surface plasmon resonance. We also find
that the narrower superconducting layer (Fig. 4) and the
small number of bilayers N (Fig. 5) give large transmission
peaks that are useful for temperature sensing.

The large transmission effect also persists for semicon-
ductor dielectric material around phonon-polariton resonance.
Figure 6 shows the effects of phonon-polariton resonance
in layer 1 wusing e&(w)=¢éx+ o o where

wr—w?—iyo)’

® = \/w} — w2 is the photon-phonon coupling strength and
oy, and w7y are frequencies of the transverse and longitudinal
optical phonons. The results provide a closer look at how the
narrow defect peaks for the H-polarized case change with
temperature. The two narrow peaks within the low frequency
gap with very low transmission could be useful for producing
few photon sources at very specific frequencies for use in
quantum information technology. At a higher frequency, the
narrow dispersion band has regularly spaced ultranarrow
peaks with height that reduces very rapidly within a small
temperature range, although the photonic band structure
appears to be essentially unchanged. By setting a transmission
level to a triggering device, the structure can be used as a sen-
sitive low-temperature switch/sensor.

Figure 7 shows the band structure and the spectrum for
the all-superconductors structure with different transition
temperatures. Layer 1 and 2 are thin metallic superconductor
(MS) and thin high-T. superconductor (HTS), respectively.
The transmission peaks are damped as the temperature
increases, despite the nanometer thickness. This shows that a
dielectric layer, even though around polariton resonance, is
necessary to sustain long distance transmission.
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IV. POTENTIAL APPLICATIONS

The effects found by introducing superconducting strips
into semiconductors are useful for several applications. Since
a = 800nm and the interesting features lie within a/4 < 1,
the useful operating frequency is in the range of infrared and
terahertz. In photonic circuits, the narrow transmission peaks
of the superlattice can filter out narrowband of light. The nar-
row wavelength filter would also be useful for developing a
narrow wavelength source for spectroscopic studies, sensing,
and imaging. The wavelengths selected by the narrowband
in the photonic crystal can be manipulated and undergo non-
linear frequency conversion to and from the C-band for free
space communication technologies.'”

The small group velocity serves as an optical buffer to
control the delay of transmitted and reflected signal.'® The
slow light modes have wavelengths compatible with the
wavelengths of efficient quantum cascade lasers'® in the
mid-infrared and, therefore, can be integrated as slow light
modulator (SLM) into monolithic devices for developing
photonic chips, gas sensors, and for high precision spectros-
copy. The temperature dependence of the superconductor
makes it possible to use the slow light effect for measuring
temperature. Conversely, we may also have temperature tun-
able delay and optothermal switch.

V. CONCLUSIONS

We have analyzed the temperature dependence of the fi-
nite superconductor-dielectric photonic band structure. Anal-
ysis of the band structure, the transmission, and reflection
spectra shows interesting features, such as temperature-
sensitive narrow transmission peaks. These features provide
insights for designing optothermal sensors or switches and
temperature controlled photon sources that operate at finite
temperatures. We study how these optical responses depend
on the relative thickness of the layers and the intrinsic pa-
rameters of the superconducting and dielectric materials.
The transmission peaks can be increased by using a narrower
superconducting layer and reducing the number of bilayers.

J. Appl. Phys. 110, 063513 (2011)

Thus, the temperature dependence of a superconducting
photonic crystal opens up exciting possibilities for new pho-
tonic devices.
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