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- Tunable resonant spectra through nanometer niobium grating on 
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What are photonic crystals?What are photonic crystals? 
Photonic crystals are periodic systems that consist of separate high dielectric and low
dielectric regions The periodicity or spacing determines the relevant light frequenciesdielectric regions. The periodicity or spacing determines the relevant light frequencies.

High dielectric Low dielectric

Light

High dielectric

1D 2D 3D

Light

L tti f i h i tit i t i
Ho,Chan,Soukoulis, (1990) –predicted dielectric spheres
in diamond structure should have a band gap.

Lattice of air spheres in titaniamatrix
Wijnhoven& Vos, Science, 1998)

Yablonovitch(1991) First photonic crystal with microwave band gap.
“In the course of four years, my loyal machinist, John Gural,
drilled more than 500,000 holes in dielectric plates…It became
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Ref from J. D. Joannapolous et al, Princeton University Press, 1995

unnerving as we produced failure after failure.”(Yablonovitch, Scientific American, 1991)



Analog to solid state physics

e-

Crystal Photonic Crystal (Matrix and spheres 
have different dielectric properties)

 Electrons scatter in the periodic lattice
 Schrodinger’s equation Hψ= Eψ

 Photon scatters in periodic lattice
 Maxwell’s equationsg q ψ ψ

 Interacting particles
 Solve approximately–plane waves, 

Multiple scattering theory,…

 Maxwell s equations
 Non-interacting particles
 Solve exactly-plane waves, Multiple 

scattering theory,…

Band Diagram -Electron standing waves
Allowed energies (bands)

Band Diagram -standing waves
Allowed frequencies (bands)
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Allowed energies (bands)
Forbidden energies (band gaps)

Allowed frequencies (bands)
Forbidden frequencies (band gaps)



What can you do with a photonic crystal?What can you do with a photonic crystal?
 Trap Light
A i l d f i h i l lik i i h d f l l iA single defect in a photonic crystals acts like a resonant cavity with a defect level in 
the band gap. 

 Right turns with photons
Photonic crystals prevent photons in the band gap from propagating in the material.
If we create a line defect in the structure it will act like a waveguideIf we create a line defect in the structure, it will act like a waveguide.

 Negative index of refraction –Flat lens   …and much more
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Parimiet al., Nature 426 (2003) 404 COMSOL example



Photonic crystals found in naturePhotonic crystals found in nature
Butterfly Sea mouse Opal
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Biro et al., Phys. Rev. E (2003) Parker et al., Nature (2001) http://www.cmth.ph.ic.ac.uk/photonics



Basic concepts of finite element method
• The finite element method(FEM), or finite element analysis(FEA), is based on the

idea of building a complicated object with simple blocks, or, dividing a
complicated object into small and manageable pieces. Application of this simple
idea can be found everywhere in everyday life, as well as in engineering.

Examples:

 Lego (kids’ play) Lego (kids  play)

 Buildings

 Approximation of the area of a circle:

Area of one triangle:

Area of the circle: as

21 sin
2i iS R 

2 21 2sin( )
N

N iS S R N R    N Area of the circle:                                                             as

Where N = total number of triangles (elements)
Observation: Complicated or smooth objects can be 

1

sin( )
2N i

i

S S R N R
N




 N 
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p j
represented by geometrically simple pieces (elements).



Maxwell’s equation in two-dimensional 
h t i t l tphotonic crystal system

1 2( ) ( )r z zH H
c
   
c

2( ) ( )z r zE E
c
  

where εr is the relative permittivity and is
equal to n2, in which n is the refractive index.

 COMSOL use contrary convention as compared with 
published papers.
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Two-fluid model

Conductivity of Superconductor (normal electron  and superconducting electron)
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P = 2 for high Tc superconductor
P = 4 for low Tc superconductor
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( )T
M. Tinkham, Introduction to Superconductivity, 2nd ed. McGraw-Hill,
New York, 1996.



Modeling example 1 (1D case)Modeling example 1 (1D case)
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Modeling structureg

A schematic drawing of superconductor (Al)-dielectric (SrF2) photonic 
crystal structure. The thicknesses of Al and SrF2 are denoted as d1 and 
d2, respectively, and the periodicity D = d1 + d2.

Al:
Tc = 1.18 K, λ0 = 51.5 nm

SrF2:
2 2 2 2 2 2 2 2 21 / ( ) / ( ) / ( )n C C C C C C       
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1 2 3 4 5 61 / ( ) / ( ) / ( )n C C C C C C           

where C1 = 0.678, C2 = 0.056, C3 = 0.371, C4 = 0.108, C5 = 3.848, C6 = 34.649, respectively.



Boundary conditionsBoundary conditions
Port 1

Transmission Coefficient (Port BC): 

Floquet BCFloquet BC

21
    2
    1

Power delivered to portS
Power incident on port



Periodic Boundary Condition: Floquet BC 
Port 2

exp[ ( )]dest source dest sourceE E ik r r   
Kx = k sinθ

Floquet BC ensures that a wave, when reaching 
the source BC, is transposed to the destination 
BC with the appropriate phase shift.

θK = 2 π/ λ

Ky = k cosθ
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Transmittance spectra simulated on the designed 1D photonic crystal 
structure with d1, d2, and T fixed at 25 nm, 50 nm and 0.6 K, respectively
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structure with d1, d2, and T fixed at 25 nm, 50 nm and 0.6 K, respectively 
while varying the number of periods from 10 to 40.



Transmittance spectra simulated on the designed 1D PhC structure with d1
varied to be 15, 20, and 25 nm while d2 fixed to be 50 nm. The temperature 
and the number of periods are 0.6 K and 10, respectively.
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Transmittance spectra simulated on the designed 1D 
PhC structure with d2 varied to be 30, 50, and 70 nm 
while d1 fixed to be 15 nm
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while d1 fixed to be 15 nm.



Transmittance spectra simulated on the designed 1D PhC structure 
with temperature T set to be 0.6, 0.8, and 1 K, respectively while d1
and d2 fixed to be 25 and 50 nm. The number of periods is 10.
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Modeling example 2 (2D case)Modeling example 2 (2D case)
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Modeling structureg

Nb:
Tc = 9.2 K, λ0 = 83.4 nm

Dielectric rod (εr = 10)

Schematic drawing of the proposed superconducting Bragg reflector (SBR). The 
diameter and lattice constant of the dielectric rod are denoted as d and a, ,
respectively. The length of the SBR is set to be l = 10a. The plane waves with 
transverse electric (TE) and TM polarizations are incident with an angle of 
incidence θi. Modeling unit cell is indicated as the dash box.
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Model settingg

Symmetry 

PML
Air

Boundary pair

Boundary

SBR

Sid b d iSide boundaries:

Air

PML
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Transmittance and reflectance calculationsTransmittance and reflectance calculations

Pi id t  
Pincident

Preflected
   

boundary

P HEn Re2
1


P
P
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incident
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dtransmitte
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Reflectance spectra of the SBR with plane waves of TE/TM 
polarizations at T of 4K. The diameter and lattice constant of the 
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dielectric rods are set be d = 100 nm and a = 150 nm, respectively.



Export GUI model to m-fileExport GUI model to m file

Use m-file to analyze model with 
more than one parameters.
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Contour plot



Contour plots of the TE(a)/TM(b)-polarized wavelength-dependent 
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p ( ) ( ) p g p
reflectance spectra of the SBR at different T ranging from 3 K to 9 K.
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we obtain the threshold wavelengthwe obtain the threshold wavelength

λth ~ 534 nm
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λth  534 nm

Contour plots of the TE(a)/TM(b)-polarized wavelength-dependent reflectance 
spectra of the SBR at different d ranging from 30 nm to 140 nm while T fixed
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spectra of the SBR at different d ranging from 30 nm to 140 nm while T fixed 
at 4 K.



TM-polarized wavelength-dependent reflectance spectra of the SBR at different 
θi from 0o to 75o. The diameter and lattice constant of the dielectric rods are set 
t d 130 d 150 ti l hil T i fi d t 4 K
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to d = 130 nm, and a = 150 nm, respectively while T is fixed at 4 K.



Modeling example 3 (3D case)Modeling example 3 (3D case)
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Modeling structureg
(a) (b)

Nb:
Tc = 9.2 K, λ0 = 83.4 nm

Dielectric rod (εr = 10)

Th 3D d ti PhC t t ( ) d th ifi d ti f th 2D it llThe 3D superconducting PhC structure (a) and the magnified cross-section of the 2D unit cell 
(b). The cross-section of the Nb grating is assumed to be trapezoid with height h, top width d1, 
and bottom width d2, respectively. The thickness of the SiN membrane is denoted as t. The 
spacing s between two adjacent Nb strips is defined as 2w. Two perfect matched layers (PML) 
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p g j p p y ( )
are used to prevent reflection particularly.



2nt m

Fabry-Perot Cavity

2nt m
n : refractive index of SiN
m: integer g

Transmittance spectra of the SiN membrane with thickness t = 100 125Transmittance spectra of the SiN membrane with thickness t = 100, 125, 
and 150 nm, respectively.
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Transmittance spectra of the superconducting structure at T = 4 K with s = p p g
100, 200, and 300 nm, respectively. The geometry parameters of h, d1, and 
d2 of the Nb strip are fixed at 30, 200, and 200 nm, respectively, whereas t
is fixed at 100 nm.
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Quality factor

Transmittance spectra of the superconducting structure at T = 4 K with h = p p g
30, 60, 90 nm, respectively, whereas s = 200 nm, t = 100 nm, and d1 = d2 = 
200 nm.
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Transmittance spectra of the superconducting structure at T = 
i h d d i l h4 K with d1 = d2 = 150, 175, 200 nm, respectively, whereas s

= 200 nm, t = 100 nm, and h = 60 nm.
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Transmittance spectra of the superconducting structure at T = 4 K p p g
with d1 = 20, 80, 140 nm, respectively, whereas s = d2 = 200 nm, t = 
100 nm, and h = 90.
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Temperature-dependent transmittance spectra of the superconducting system 
with T = 1, 4 and 8 K, respectively, whereas h = 90 nm, d1 = d2 = 200 nm, t = 
100 nm, and s = 200 nm. The inset shows the resonant peaks shift to longer λ as 
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, p g
increasing T approaching to Tc from 8.5 K to 8.9 K.



SummarySummary

• We simulate the optical properties of superconducting 
photonic crystals by finite element method in conjunction with 
a two fluid modela two-fluid model.

W f d th b d f th d d ti• We found the band gaps of these proposed superconducting 
structures can be tuned by temperature and structure 
geometries of the superconductorgeometries of the superconductor.

• The superconducting photonic crystal may be applied for high• The superconducting photonic crystal may be applied for high 
reflection mirrors, band-pass filters, bolometer and lossless 
optic components. 
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Thank you for your attention!

Contact Info: Huang-Ming Lee
hmleee@gmail.com@g
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