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Dual-band infrared single-layer metallodielectric photonic crystals
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Metallodielectric photonic crystals(MDPCs) consisting of periodic arrays of self-similar two-stage
fractal patch metallic elements patterned on thin dielectric substrates are shown to exhibit excellent
mid- and far-infrared dual-band response in a single layer structure. This was achieved by
optimizing the element size and interelement spacing of cross-dipole and square-patch fractal
elements using full-wave periodic method of moments modeling techniques that calculate
electromagnetic scattering from the MDPC surface and are able to account for material loss and
loading effects. All structures fabricated based on these designs had two measured stopbands with
greater than 10 dB attenuation positioned at wavelengths determined by element geometry and size
as well as interelement spacing. This simple single layer fractal MDPC geometry will facilitate
further scaling into the near-IR wavelength regime. ©2004 American Institute of Physics.
[DOI: 10.1063/1.1786663]
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Metallodielectric photonic crystals(MDPCs) are being
investigated as IR band-reject and band-pass filters for u
low-cost, high-performance devices including beam-split
filters, and polarizers.1 Traditionally, such MDPCs were fa
ricated by stacking three or more layers of micron-scale
tallic patch elements with intermediate dielectric space
achieve structures having a single resonant stopband
requisite band rejection propertiess.10 dBd.2–4 More re-
cently, MDPCs consisting of a dielectric substrate suppo
a single planar periodic array of metallic patch eleme
such as coupled5 or uncoupled6 dipoles, cross-dipoles,7 and
rings,8 have also been demonstrated. Currently, ther
growing interest in extending the filtering capabilities of b
multilayer9 and single-layer MDPCs to include multiba
responses.10 In this letter, we report on the design and
perimental verification of MDPCs that utilize simple, se
similar fractal metallic patch elements patterned on a
dielectric substrate to achieve excellent mid- and far-IR d
band rejection in a single-layer structure.

Electromagnetically coupled arrays of fractal elem
have been used previously in filtering applications at mi
and millimeter wave frequencies, where the structures
often referred to as frequency selective surfaces(FSSs).
Similar concepts can be applied in the IR due to the sca
nature of electromagnetic theory used to predict the spe
response of these filters. Although many different fracta
ometries can be conceived, we have chosen to study MD
comprised of arrays of simple two-stage cross-dipole11 and
square-patch fractal metallic elements12 shown in Fig. 1 to
demonstrate the utility of this approach at IR waveleng
The dual-band response of these MDPCs is associated
two resonances resulting from the self-similar primary
secondary structure of the fractal elements. In addition
radial symmetry of these elements gives rise to a resp
that is relatively insensitive to wave polarization and angl
incidence. Here we show through modeling and experim
that the two stopband rejection wavelengths and their
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tive attenuation are strongly dependent on element geo
and interelement spacing.

Theoretical design and modeling of the single- and d
band MDPCs was performed using a full-wave perio
method of moments(PMM) technique that calculates ele
tromagnetic scattering from the MDPC surface to determ
the transmitted power as a function of wavelength and p
ization of the incident radiation.13 Briefly, the PMM tech
nique is based on developing an integral equation for a s
unit cell (i.e., cross-dipole or square-patch element) that is
modified for a periodic array of cells by applying Floqu
theorem.14 This modified integral equation is discretized i
a system of linear equations by applying a subdom
method of moments approach with rooftop basis function

FIG. 1. Drawing of periodic array of fractal metallic patch elements
primary and secondary structures highlighted on successive elemen(a)
fractal cross-dipole elements with interelement spacing of 1.2mm, (b) frac-
tal square-patch elements with interelement spacing of 6.5mm. In this letter
the fractal element size and interelement spacing are varied to inve
their role on stopband attenuation and position.
© 2004 American Institute of Physics
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determine the unknown current distributions in the elem
and hence the scattering from the MDPC surface. The e
of metallic and dielectric loss can be readily incorpora
into this PMM formulation and will be included here to p
vide a comparison with experimental data collected on
eral MDPCs.

The PMM method was used to model the spectra
sponse of an IR-sensitive two-stage fractal cross-d
MDPC and optimize the interelement spacing to simu
neously maximize attenuation in both stopbands. Design
timization was conducted assuming ideal lossless meta
ments and a thin, lossless substrate(i.e., less than 1/20 of th
shortest resonant wavelength). We selected unit cell elemen
with primary and secondary cross-dipole arm lengths o
and 7mm and linewidth of 1.5mm to facilitate rapid fabri
cation of the MDPC using optical contact lithography. T
resulting transmission spectrum for a dual-band MDPC
an optimized interelement spacing is shown as a solid lin
Fig. 2. An interelement spacing of 1.2mm provides nearl
equal attenuation of 34 and 40 dB in the primary and
ondary stopbands centered at 49 and 16mm, respectively
Although not shown, we found that larger and smaller s
ing increases the attenuation of one band at the expen
the other band because the amount of electromagnetic
pling between elements of a particular spacing is extre
sensitive to the wavelength of the incident radiation. For
ample, a larger 2.2mm interelement spacing increased
attenuation in the secondary band to 44 dB while redu
the primary band to 25 dB. Decreasing the spacing
0.8 mm had the opposite effect, where the attenuation in
primary band increased to 46 dB and secondary band
creased to 31 dB. In both cases, the primary and seco
stopband positions remained unchanged.

PMM-simulated transmission spectra of nonfra
cross-dipole MDPCs with dimensions and spacing iden
to the primary and secondary crosses of the optimized fr
structure are also included as a dashed line and open c
in Fig. 2 for comparison. The array of single 17-mm-long
elements has a single stop band with an attenuation of 4
centered at 40mm, which occurs at a significantly shor
wavelength than the corresponding primary band of the
tal cross-dipole MDPC. The redshift in the primary band
the fractal structure is due to loading of the primary cro

FIG. 2. Ideal PMM simulations for fractal cross-dipole elements with o
mized spacing(solid curve) show two strong stop bands. Ideal simulati
for primary and secondary single cross-dipoles(dashed curve and circle)
each show a single strong stop band indicating that each stage of the
structure causes one stop band.
by the secondary crosses, which electrically lengthen the pri
Downloaded 25 Sep 2004 to 141.52.232.84. Redistribution subject to AIP
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mary crosses making them resonant at a longer wavele
This same effect is observed to a lesser extent for the arr
single 7-mm-long cross-dipole elements where a single
band with an attenuation of 44 dB is centered at 16mm. This
analysis clearly demonstrates that the self-similarity of
fractal structure gives rise to a dual-band response in a s
layer of metallic patch elements.

The optimized fractal cross-dipole MDPC was fabrica
by defining a 131 cm2 array of 75-nm-thick aluminum el
ments on top of a 0.5-mm-thick IR-transparent polyimid
film. Aluminum was selected for these studies becau
adheres well to the polyimide film and has low loss in
far-IR wavelength regime.15 The polyimide is deposited b
spin coating onto a sacrificial substrate that is removed
to spectral characterization of the MDPC in the mid-
far-IR. Transmission spectra are collected with the samp
normal incidence to the IR beam using a Bruker Optics E
nox 55 Fourier Transform Infrared spectrometer and nor
ized to the background of the substrate. The measure
modeled transmission spectra for the MDPC are show
the solid curve and open circles in Fig. 3. The meas
spectrum contains strong primary and secondary stopb
with attenuation of approximately 13 and 23 dB centere
44 and 15mm, respectively. This is in excellent agreem
with the modeled response shown in Fig. 3, which inclu
the effect of metallic and dielectric loss. This simulation
corporated measured values of frequency-dependent a
num loss for the metallic patch elements,15 and a frequency
independent complex dielectric constant«r =3.0–0.3j for
the dielectric loss associated with the substrate.16 In compari-
son to the ideal case of Fig. 2, the metallic and dielectric
result in a reduction in the attenuation in each stopband
cause small shifts in band positions.

A fractal square patch geometry was also studie
demonstrate that dual-band response can be achieved
different fractal structures. A MDPC was designed u
PMM modeling to have stopbands at the same wavele
as the cross-dipole structure in Fig. 3. The resulting
stage fractal array has primary and secondary square p
that are 9.8 and 7.3mm wide, with an interelement spaci

al

FIG. 3. Comparison of measured(solid curve) and simulated(circles) trans-
mission spectra for fractal cross-dipole elements with optimized inte
ment spacing of 1.2mm. Measured primary and secondary stop bands
attenuation of 13 and 23 dB centered at 44 and 15mm, respectively. Fo
reference, MDPCs of the same geometry fabricated using a
75-nm-thick layer of silver as the metal patch elements exhibited a res
that is nearly identical to those fabricated using aluminum(shown here). The
PMM model includes the effects of metallic and dielectric loss.
-of 6.5 mm. The measured and modeled transmission spectra
 license or copyright, see http://apl.aip.org/apl/copyright.jsp
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shown as solid curve and open circles in Fig. 4 demons
that the targeted stopband wavelengths were obtained
strong primary and secondary band attenuation of app
mately 14 and 19 dB at 50 and 16mm. Once again, there
excellent agreement between the measured and mo
spectral response when the same values of metallic an
electric loss used for the cross-dipole structure are incl
in the simulation.

Modeling of fractal FSSs in the micro- and millime
wave regime has shown that the position of all stopband
be shifted by the same amount by changing element
while maintaining similarity. It is also possible to scale
relative dimensions of the primary and secondary fra
structures to adjust one band position with respect to
other band. We redesigned the two-stage square patch M
such that the primary band remained at a wavelengt
50 mm and the secondary band shifted to a longer w
length of 20mm. Contrary to what might be expected wi
out considering element loading effects, it was determ
that both the primary and secondary square patch elem
must increase in size to 15 and 9mm, respectively, with a
interelement spacing of 9.2mm. The measured transmiss
spectrum shown as the dashed curve in Fig. 4 demons
that the primary stopband wavelength is unchanged, an
secondary wavelength is shifted to 20mm with 14 dB at-
tenuation. This design process underscores the importan
the PMM modeling to fully account for the complex load
effects that significantly impact the spectral properties o
MDPC.

In conclusion, dual-band IR MDPCs that are compr
of a single layer of self-similar cross-dipole or square-p

FIG. 4. Measured transmission spectrum of design 1 of the fractal s
patch(solid curve) agrees well with the model prediction(circles curve) and
contains two strong stop bands at the same positions as those in the
cross-dipole case. Design 2 of the fractal square patch(dashed curve) dem-
onstrates that the position of one stop band can be changed relative
other by adjusting the element geometry and interelement spacing.
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fractal metallic elements were investigated theoretically
experimentally. Modeling and design optimization were c
ducted using a full-wave PMM technique that accounts
element and dielectric loss as well as element loading ef
It was determined that the band rejection wavelengths
their relative attenuation are strongly dependent on ele
geometry and interelement spacing. MDPCs fabricated u
aluminum elements and thin polyimide substrates had
sured transmission spectra that were in excellent agree
with the modeled response. In all cases the attenuation
stopbands exceeded the targeted value of 10 dB require
most high performance applications. These results show
simple fractal geometries can be used to achieve excelle
multiband behavior using a single layer of metallic pa
elements, which will facilitate further scaling into the m
and near-IR wavelength regime using imprint lithograp
techniques.17
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