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E
lectromagnetic absorbers have wide
applicability across the radio fre-
quency (RF) and optical regimes, in-

cluding such diverse uses as signature
control,1�8 spectroscopy,9,10 solar cell en-
hancement,11,12 thermal imaging,13�15 and
emissivity control.14,16�18 Among the elec-
tromagnetic structures that have been
investigated, metamaterials composed of
nanoscale resonators with customized
electric and/or magnetic response have
emerged as compelling candidates for
optical wavelength absorbers, with recent
efforts focused on mid-infrared (IR) struc-
tures having multiband and wide field-of-
view (FOV) properties.18�22 Nearly ideal
blackbody absorbers have been demon-
strated for the visible and mid-IR spectral
regimes using nonresonant nanomaterial
structures, including metal-dielectric com-
posites23 and and vertically aligned single-
wall carbon nanotubes.24 However, these
solutions offer limited flexibility to tailor the
wavelength range, polarization, and/or an-
gular responseof thebroadbandabsorptivity.

Metamaterial design approaches can be
used to create broadband optical absorbers
with such advanced functionalities, but pro-
gress toward this goal has been limited by
the narrow bandwidth of the individual EM
resonator elements and the challenge of
impedance matching over a wide spectral
range.25�27

Electromagnetic absorbers rely on elec-
tric or magnetic losses in the constituent
material to convert an electromagnetic
wave into heat. One promising design ap-
proach considers the entire metamaterial to
be an effective medium and uses nanoscale
resonator elements to introduce large ima-
ginary parts in the effective permittivity
and/or permeability dispersion of the ho-
mogenized medium.2,28�31 The imaginary
dispersive properties result in high absorp-
tion over a narrow band around resonance
as the wave passes through the medium.
Multiple closely spaced resonances can be
realized by incorporating discrete resona-
tors of different sizes into a single unit cell
period.27 The number of different resonator
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ABSTRACT Nanostructured optical coatings with tailored spectral absorption proper-

ties are of interest for a wide range of applications such as spectroscopy, emissivity control,

and solar energy harvesting. Optical metamaterial absorbers have been demonstrated with

a variety of customized single band, multiple band, polarization, and angular configura-

tions. However, metamaterials that provide near unity absorptivity with super-octave

bandwidth over a specified optical wavelength range have not yet been demonstrated

experimentally. Here, we show a broadband, polarization-insensitive metamaterial with

greater than 98% measured average absorptivity that is maintained over a wide (45� field-of-view for mid-infrared wavelengths between 1.77 and

4.81 μm. The nearly ideal absorption is realized by using a genetic algorithm to identify the geometry of a single-layer metal nanostructure array that

excites multiple overlapping electric resonances with high optical loss across greater than an octave bandwidth. The response is optimized by substituting

palladium for gold to increase the infrared metallic loss and by introducing a dielectric superstrate to suppress reflection over the entire band. This

demonstration advances the state-of-the-art in high-performance broadband metamaterial absorbers that can be reliably fabricated using a single

patterned layer of metal nanostructures.

KEYWORDS: metamaterial absorber . electromagnetic band gap metamaterial . broadband . optical . infrared . nanoresonator .
nanostructure array . emissivity control . enhanced absorption
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types that can be patterned at dimensions compatible
with IR operation is limited, which restricts the absorp-
tion bandwidth that can be obtained. It has also been
proposed that bandwidth can be increased by inte-
grating many nanoscale resonators into a unit cell by
stacking them on top of each other.32 However, fabri-
cating multiple aligned nanoscale features is complex
and time-consuming, and the proposed structures are
only strongly absorbing for a single polarization.
Metamaterial absorbers (MMAs) based on electro-

magnetic band gap (EBG) surfaces offer a compelling
alternative with more straightforward nanofabrication.
EBG absorbers employ a single lossy metallic screen
backed by dielectric and ground layers to form a
resonant cavity that couples with incident electromag-
netic waves.1 Narrow single-band and multiband THz
and IR EBG MMAs have been demonstrated with near
unity absorption, polarization independence, andwide
FOV.19�21,33 Efforts have been made to extend this
design concept to create IR absorbers with wide and
controlled bandwidths by combining resonators of
different sizes in the same metallic screen,25,26 but
achieving high absorption over an octave bandwidth
in the IR has so far remained an elusive goal.
In this paper, we report an EBG-based MMA that

provides near-ideal spectral absorptivity across a
broad mid-IR band with well-defined band edge
wavelengths. A genetic algorithm (GA) is employed
to identify a single-layer nanostructured metallic
screen geometry that supports multiple overlapping
resonances to cover greater than an octave bandwidth.
A dielectric superstrate layer is introduced to improve
the impedance match to free space, thereby minimiz-
ing reflectivity and maximizing absorptivity across the
band. The traditional gold (Au) metal is replaced by
palladium (Pd) to broaden the MMA bandwidth and to
improve fabrication reproducibility. Measurements of
the optimized EBG-MMA show strong agreement
with simulations, demonstrating a 98% average spec-
tral absorptivity over a predefined 1.77 to 4.81 μm

wavelength band and (45� angular range. This work
represents a significant step toward realizing practical
optical MMAs that provide near-unity broadband
absorption over a specified wavelength range, en-
abling the realization of customized IR black bodies
and sources.

RESULTS AND DISCUSSION

Electromagnetic Optimization Methodology. The struc-
ture for our broadband EBG-based MMA consists of a
four-layer metallodielectric stack, as shown in Figure 1.
The bottom three layers of the structure create the
resonant electromagnetic cavity of the absorber, which
is composed of a doubly periodic array of metal
nanostructures patterned on a thin dielectric layer that
is backed by a solid metal ground plane. A second
dielectric layer is included on top of the structure to
provide an impedance match between the metallic
nanostructures and free space. This three-layer reso-
nant electromagnetic cavity can be optimized to pro-
duce multiple overlapping resonances over a broad
bandwidth in the near-to-mid-IR range. In addition,
the metal ground plane prevents light transmission
through the MMA, thereby causing the incident light
to be either reflected or absorbed. At each electric or
magnetic resonance, high currents are generated in
different regions of the metallic nanostructure array,
resulting in strong absorption due to metallic loss.

We employed a robust GA optimizer to identify a
metallic nanostructure array that simultaneously max-
imizes absorption over a broad bandwidth while also
giving a wide FOV and polarization-independent re-
sponse. The GA is a stochastic optimizer that evolves
an initial population of randomly generated candi-
date nanostructures based on the principles of natural
selection.34 Each population member is a binary string,
called a chromosome, which contains the encoded
design parameters. This optimization approach affords
great flexibility to access complex and nonintuitive
nanostructure features that fall well outside the

Figure 1. Diagram and FESEM image of the MMA. (a) Top: Schematic of the Pd-based MMA structure optimized to have
broadband absorption from 2 to 5 μm in themid-IR. Bottom left: Cross-sectional view of the four-layer EBG-based broadband
absorber. Bottom right: FESEM image of one unit cell. Scale bar is 200 nm. (b) Low-magnification FESEM image showing the
nanofabricated structure. Scale bar is 600 nm.

A
RTIC

LE



BOSSARD ET AL. VOL. 8 ’ NO. 2 ’ 1517–1524 ’ 2014

www.acsnano.org

1519

bounds of conventional resonant elements such as
crosses and rings.2,3,9 Our design methodology ex-
ploits this flexibility to find elements that can support
multiple resonances across the wavelength range of
interest, thereby enabling MMAs with extremely wide
absorption bandwidths.

In this work, we targeted a MMA with a minimum
absorptivity of greater than 90% over an angular range
of(40� and more than an octave of bandwidth across
the 2�5 μm mid-IR spectral range. For this work,
structures were optimized using two different noble
metals with low reactivity, Au and Pd, for both the
ground plane and patterned nanoresonator layer.
Polyimide was selected for both dielectric layers
because of its nondispersive optical properties over
the target wavelength range. Most of the previous
single- and multiband mid-IR absorbers were based
on Au resonant structures;19�21,26,33 thus we investi-
gated Au for our broadbandMMAs, as well. Recently, a
single-band absorber with exposed Pd nanostruc-
tures was used for highly sensitive hydrogen gas
detection due to the hydrogen absorption properties
of Pd metal.35 Here, we show that the higher optical
loss of Pd as compared to the more commonly used
Au metal provides significant advantages for robust
and reproducible fabrication of broadband EBG-
based MMAs. Consequently, the optimized absorber
design that satisfied the target properties incorpo-
rated Pd rather than Au resonant elements. Our
nanofabricated absorbers were characterized in
nitrogen (N2), which mitigated optical property
changes due to environmental exposure. Practical
applications would be enabled by replacing the poly-
imide layers with an alternate dielectric such as silicon
nitride (Si3N4), which forms an excellent diffusion
barrier against hydrogen, oxygen, and moisture.36 In
addition, the costly noble metals used in this work
could be replaced with less expensive metals hav-
ing similar optical properties, such as nickel (Ni) or
tungsten (W).

The GA evolved all of the adjustable design para-
meters within predefined ranges to identify a four-
layer MMA that meets the target optical properties,
including the thickness of each layer, the unit cell
period, and the patterned metal feature geometry.
The metal ground plane layer thickness was fixed at
100 nm, which is several times the skin depth for both
Pd and Au. The MMA was optimized by encoding one
unit cell of the nanostructure array as a 15 � 15 binary
grid, where “1” represents a pixel with a metal feature
and “0” represents a pixel without a metal feature. The
unit cell was forced to have 8-fold mirrored symmetry,
which provides polarization independence. This also
greatly reduces the computation time required to
identify a structure that satisfies the target optical
properties because only one triangular fold must be
optimized by the GA.

In each optimization cycle, the optical properties
of all candidateMMA unit cells in the populationwere
evaluated with a full-wave electromagnetic solver
and compared to the target properties. More speci-
fically, we calculated the reflectance and transmit-
tance at a set of test wavelengths and angles using
a full-wave finite-element boundary integral (FEBI)
technique.37 Because the metal ground layer is thick
enough to fully attenuate the wave, the transmit-
tance is zero and the absorptivity is the difference
between unity and the reflectance. The deviation
between the properties of the candidate unit cell
and the target is evaluated according to the following
cost function:

cost ¼ ∑
λi
∑

(θ,φ)j
(1:0 � ATE)

2 þ (1:0 � ATM)
2 (1)

where ATE and ATM are the transverse electric (TE) and
transverse magnetic (TM)-polarized absorptivities, λi
are the test wavelengths, and (θ,j)j are the test
incidence angles. By minimizing the cost function in
eq 1, the GA evolves the nanostructure pattern and
layer thicknesses that have near unity absorption
over all of the test wavelengths and incidence angles.
For this specific mid-IR broadband MMA design, we
specified 16 test wavelengths in approximately
equally spaced frequency intervals over the range
from 2 to 5 μm. The test incidence angles were
chosen to be (θ,j)i = {(0�,0�), (40�,0�), (40�,45�)},
covering a FOV up to (40�. Throughout the evolu-
tionary process, structures that failed to meet pre-
defined nanofabrication constraints were assigned a
high cost and were eliminated from subsequent
candidate populations.38 This ensured that the opti-
mized structure could be fabricatedwithout changes,
which is essential for subsequent experimental ver-
ification of the broadband MMA response. Using a
population of 24 chromosomes, the GA converged to
a structure with minimized cost in 86 generations.

Subwavelength Nanostructure Array for Broadband Absorp-
tion. An illustration of the GA-optimized broadband
MMA and a detailed diagram of the metallic nano-
structure unit cell are displayed in Figure 1a. The
optimized thicknesses are t1 = 398 nm and t2 =
429 nm for the top and bottom polyimide layers and
30 nm for the patterned Pd nanostructures. The unit
cell period is a = 851 nm with a pixel size of 57 nm.
Three well-defined nanostructures, which obey the
predefined fabrication constraints, are noted: (1) a
cross dipole centered in the unit cell; (2) a large loop
centered in the unit cell and interconnected between
unit cells; and (3) four smaller, isolated loops centered
at the corners of the unit cell. These nanostructure
elements and the coupling between them support
multiple electromagnetic resonances with narrowly
spaced center wavelengths, which produce high ab-
sorption across the broad mid-IR band.
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The simulated absorptivity of the MMA calculated
from the scattering parameters by A = 1� R, where R is
the reflectance, is shown Figure 2a for unpolarized, TE-
polarized, and TM-polarized light (see Methods for a
detailed description of the electromagnetic simulation
approach). The normal incidence spectra in Figure 2a
demonstrate that the minimum spectral absorptivity
for this structure is greater than 90% over the entire
1.90 to 5.47 μm range, achieving a high average value
of 98.8% across this band. It is evident from these spec-
tra that the broadband absorption is due to the con-
volution of multiple strong resonances positioned at
optimized wavelengths across the band; the peak
values of absorptivity at normal incidence occur at
2.13, 3.00, 3.70, and 5.05 μm. Figure 2a shows 2D
contour plots of the predicted angular dependence
of the absorptivity from normal θ = 0� up to θ = 55� off-
normal incidence for all polarizations. Individual off-
normal curves plotted in increments of 10� are pro-
vided from θ = 0� to θ = 55� in Supporting Information,
Figures S1 and S2. These simulations reveal that more
than an octave bandwidth with minimum absorptivity
of 89.5% and an average absorptivity of 94.7% is
maintained over the 2�5 μm band at an incidence
angle of θ = 55�, which is wider than the targeted FOV
used for optimization. Comparing the TE and TM
responses, we note that the TM absorption at 5 μm

drops offmore quickly with increasing incidence angle
as compared with the TE-polarized response, whereas
the dip in absorptivity around 4.5 μm becomes more
pronounced for the TE polarization at large incidence
angles. These small changes in MMA response with
increasing incidence angle are associated with slight
shifts in peak position, strength, and bandwidth of
the dominant resonances found at normal incidence.
Finally, the plots in Figure S2 also show that high
average absorptivity around 72.6% is maintained over
an octave of bandwidth all the way to θ = 75�, with
absorptivity dropping off quickly as the angle ap-
proaches grazing incidence.

Resonant Electromagnetic Properties. To understand the
contribution of the different subwavelength nano-
structures to the broadband absorption, the electric
volume currents excited within the MMA were simu-
lated for normally incident, TE-polarized illumination in
the mid-IR range.21 Figure 3 shows top views of the
current distribution for TE-polarized illumination at
resonant wavelengths within the band where absorp-
tion is highest (2.13, 3.00, 3.70, and 5.05 μm) and at one
wavelength outside the band (1.50 μm) where reflec-
tion dominates. Cross-sectional views of the current
and the electric field distribution are shown in Sup-
porting Information, Figures S3 and S4. Outside the
absorption band at 1.50 μm, the electric current in the
MMA is negligible, and only a small field enhancement
is observed from the standing wave that is terminated
at the metal ground plane. In contrast, large electric
currents and field enhancements are found on differ-
ent parts of the Pd nanostructure array at wavelengths
corresponding to peak in-band absorption. Specifically,
the central crosses support the highest current at the
shortest 2.13 μm wavelength. The current distribution
spreads from the central cross to include the large
and small loops at the intermediate 3.00 and 3.70 μm
wavelengths. At the longest 5.05 μm wavelength, the

Figure 2. Angular dispersion of the MMA absorption spec-
tra. (a) Simulated and (b) measured absorptivity of the
design from Figure 1. Top row: Normal incidence absorp-
tivity for unpolarized, TE, and TM illumination. Contour
plot of absorptivity as a function of wavelength and
incident angle from normal up to 55� under unpolarized
(second row), TE (third row), and TM (bottom row)
illumination.

Figure 3. Top view of finite-element method simulations of
the current distributions in the top Pd screen for normal
incidence at out of band andpeakwavelengths of 1.50, 2.13,
3.00, 3.70, and 5.05 μm.
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electric current is high on all parts of the nanostructure
except the central cross.

Compared to other MMAs that excite magnetic
resonances,21 the strong broadband absorption in this
MMA is entirely due to electric resonances. The side
views of the electric volume currents in Figure S3 show
that large currents are only present on the Pd nano-
structure layer and not on the ground plane. This
occurs because the relatively thick polyimide substrate
layer prevents strong coupling between the patterned
nanostructure and the ground layer, which inhibits
loop currents associated with a magnetic response.
These simulation results demonstrate that the broad-
band performance of this mid-IR EBG-MMA is achieved
by exciting multiple closely wavelength-spaced elec-
tric resonances on the single-layer nanostructure array.

Nanofabrication and Optical Measurements. The opti-
mized MMA was fabricated by first evaporating the
Pd ground plane layer and spin coating the polyimide
substrate layer on a Si handle wafer. Next, the doubly
periodic Pd nanostructure array (3 mm � 3 mm) was
patterned on top of the polyimide layer using electron-
beam lithography followed by a Pd lift-off process. The
MMA was completed by spin coating the polyimide
superstrate layer (see Methods for a detailed descrip-
tion of the process parameters). Field emission scan-
ning electronmicroscope (FESEM) images taken imme-
diately after the Pd nanostructureswere defined on the
polyimide substrate are shown in Figure 1b. These
images confirm that the complex array features were
reproduced in the fabricated MMA sample. The mea-
sured unit cell period of a = 860 nm closely matched
the target a = 851 nm. In comparison to the square
57 nm pixels in the design, the fabricated Pd nano-
structures had rounded edges, with a central dimen-
sion of ∼75 nm. Although this process is compatible
with creating a flexible MMA conformable to curved
surfaces,21 our structure was left on the handle wafer
for optical characterization.

The reflectance of the fabricated MMA was mea-
sured using a Fourier transform infrared (FTIR) spectro-
meter at angles of incidence between 0 and 55� off-
normal (see Methods for a description of the measure-
ment setup). The normal incidence absorptivity deter-
mined from A = 1 � R and plotted in Figure 2b shows
that minimum absorption remains above 90% inde-
pendent of polarization at wavelengths between 1.77
and 4.81 μm (greater than an octave bandwidth), with
an average absorption of 98.1% over this same range.
Compared to the full-wave simulation, the bandwidth
is reduced from 3.57 to 3.04 μm primarily because
of the blue shift in the long-wavelength band edge
from 5.47 to 4.81 μm. This is associated with a reduc-
tion in the number of absorption maxima from
four to three and a shift in the peaks to 1.97, 3.09,
and 4.23 μm. Figure 2b displays 2D contour plots of the
measured oblique incidence absorptivity for TE, TM,

and unpolarized light, with the corresponding curves
plotted in 10� increments provided in Supporting
Information, Figure S1. These plots show that a full
octave of bandwidth with higher than 90% absorptiv-
ity is maintained all the way out to incident angles of
55�. In addition, the trends in the angular dependence
of the polarized response follow theoretical predictions.

These results demonstrate that the nanofabricated
broadband MMA achieves the high and wide FOV
in-band absorption expected from simulation of the
ideal optimized structure. The primary discrepancy
between experiment and theory is the shift in the
long-wavelength response, which results in a slight
reduction in the bandwidth of the structure. The
potential sources of this discrepancy include (1) an
increase in the Pd nanostructure feature size; (2) error
in the polyimide superstrate and substrate thickness;
and (3) differences in the dispersive properties (n and k)
of the evaporated Pd film following thermal proces-
sing. To determine the most likely causes, we resimu-
lated the optical response of the MMA using the
fabricated Pd nanostructure feature dimensions aswell
as different polyimide thicknesses (see Supporting
Information, Figure S5). These simulations reveal that
the feature size modifies the response of the central
resonances but has little impact on the short- or long-
wavelength response. In contrast, decreasing both the
superstrate and substrate polyimide thicknesses by
only 10% provides a match to the short-wavelength
band edge and better agreement with the long-wave-
length band edge. Therefore, we believe that the dis-
crepancy is largely due to errors in the polyimide
thickness combinedwith small changes in the thermally
processed Pd optical constants. We expect that further
refinement of the nanofabrication process would result
in a structure with even closer agreement to theory.

Selection of Metal for Broadband Absorption. During this
work, we also evaluated the trade-offs of using Au
versus Pdmetal for the nanostructure array and ground
layers in the four-layer broadband MMA. Figure 4
shows a Au-based broadband MMA that was opti-
mized using the cost function given in eq 1. Similar
to the optimized Pd-based MMA, the simulated re-
sponse plotted in Figure 4c shows that this design can
achieve greater than 90% absorptivity over a broad
band from 2 to 5 μm and a wide FOV of (40�. The
optimized thicknesses are t1 = 423 nm and t2 = 456 nm
for the polyimide superstrate and substrate layers and
10 nm for the patterned Au nanostructures. The unit
cell period is a = 998 nm with a pixel size of 67 nm.
Because Au is more conductive than Pd in the mid-IR,
the optimized Au nanostructure film thickness that
provides a good impedance match over such a large
bandwidth is only 10 nm as compared to 30 nm for the
Pd nanostructure films. This makes the optical proper-
ties of the Au-based MMA more sensitive to small
variations in metal thickness.
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To investigate this Au-based structure experimen-
tally, we fabricated the optimized MMA shown in
Figure 4a,b with average Au nanostructure film thick-
nesses that varied from 10 to 12 nm in increments of
∼1 nm (see Methods for a detailed description of the
process parameters). The measured absorptivity of the
three fabricated MMAs is compared to simulation in
Figure 4c. The MMA with the 10 nm thick Au features
maintains a high absorptivity greater than 90% over a
broadband between 1.95 and 4.80 μm. However, the
structure has a lower average broadband absorptivity
of 94.4% as compared to that of the optimized Pd-
based MMA. Increasing the Au film thickness to 11 and
12 nm results in large fluctuations in spectral absorp-
tivity and a reduction in absorption near the long-
wavelength band edge, giving a lower average ab-
sorptivity of 89.2% across the band. To determine the
sensitivity of the MMA to small variations in the Au film
thickness, we resimulated its optical response for Au
nanostructure film thicknesses ranging from 10 to
14 nm in increments of 1 nm (see Supporting Informa-
tion, Figure S6). These simulations verify the trends
observed in the experimental measurements. In con-
trast, the absorptivity of the optimized Pd-based MMA
is relativity insensitive to Pd thickness, as shown in
Figure 4d. In this case, an increase in Pd thickness from
30 to 40 nm had a negligible effect on the absorption
with only a slight reduction in the long-wavelength

band edge from 4.81 to 4.48 μm. This underscores the
importanceof identifying constituentmaterials andnano-
structure geometries that are robust against process
variations for high-performance metamaterial designs.

CONCLUSIONS

This paper reported a polarization-independent
metallodielectric EBG-based MMA with an average
absorptivity of 98% over greater than an octave band-
width from 1.77 to 4.81 μm and a wide (45� FOV. A
robust GA design approach was employed to identify a
doubly periodic metal nanostructure array that excites
multiple closely spaced electric resonances for the
broad absorption band. The optimized unit cell of the
nanostructure array integrates three well-defined elec-
tromagnetic elements in a single metal screen layer
that meets predefined fabrication constraints. Simula-
tions showed that the incident light induces large
electric currents and field enhancements on different
parts of the metal nanostructure at wavelengths cor-
responding to peak in-band absorption, thereby con-
firming the importance of each of these elements as
well as the coupling between them to the high absorp-
tion. Comparing designs optimizing using Au and
Pd nanostructures reveals that Pd improves the
broadband optical properties and fabrication reprodu-
cibility. This demonstration confirms that a single-layer
metal nanostructure array can produce nearly ideal

Figure 4. (a) Diagram of the optimized Au-based MMA structure. (b) Top left: Top view of one unit cell of the design. Bottom
left: FESEM image of a unit cell of the fabricated structure. Scale bar is 200 nm. Right: Low-magnification FESEM image of the
same structure. Scale bar is 600 nm. (c) Simulation and measurements for Au-based MMA under unpolarized illumination at
normal incidence. The average Au thicknesses of the Au nanostructures determined by atomic force microscopy measure-
ments are 10, 11, and 12 nm. (d) Simulation and measurements for Pd-based MMAs with Pd nanostructure thicknesses of 30
and 40 nm under unpolarized illumination at normal incidence.
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broadband absorption with well-controlled band edge
wavelengths, paving the way for a variety of highly

customizable optical metamaterial absorbers with
superoctave bandwidth.

METHODS
Metamaterial Absorber Electromagnetic Simulation. The scattering

parameters of the optimized MMAs were calculated using the
Ansoft High Frequency Structure Simulator (HFSS) full-wave
finite-element solver. Periodic boundary conditions were ap-
plied to a single unit cell, which was excited by a plane wave.
The measured dispersive optical properties of polyimide, Pd,
and Au were included in the model.

Broadband Metamaterial Absorber Nanofabrication and Characteriza-
tion. Nanofabrication of the MMA began by depositing 100 nm
Pd and 10 nm Ti on a Si wafer by electron-beam evaporation
(Kurt J Lesker Lab18) at a rate of 1.4 Å/s. The 429 nm thick
dielectric substrate layer was prepared by spin coating the
polyimide precursor (HD Microsystems PI2556 diluted with
T9039 thinner) at 1850 rpm for 40 s and soft baking at 120 �C
for 1 min. The film was cured in a N2-purged oven for 2 h at
220 �C to fully remove the solvent and imidize the dielectric film.
Following this step, the electron-beam resist (Nippon ZEP520A)
diluted with anisole 1:1 was spun on the substrate at 3000 rpm
for 50 s and baked at 180 �C for 3 min. The single-layer nano-
structure array was defined by electron-beam lithography
(Vistec EBPG 5200) at a dose of 270 μC/cm2 and developed
using n-amyl acetate for 3min andMIBK/IPA = 8:1 for 1min. The
top 30 nmPdwas evaporatedwith a deposition rate of 1 Å/s and
lifted-off by dissolving the resist (Rohm & Haas Microposit
Remover 1165). The 398 nm thick dielectric superstrate layer
was deposited by spinning the polyimide precursor at 2100 rpm
for 40 s. The film was soft baked and cured using the same
conditions as the substrate layer. The Au-based MMAs were
fabricated using the same process flow. For these structures, the
top 10 to 12 nm thick Au filmswere deposited at a rate of 0.5 Å/s.
The thicknesses of the patterned Pd and Au nanostructures
were measured by atomic force microscopy (AFM) before
depositing the top polyimide layer (AFM, Bruker Icon). For the
thinnest Au films that were not continuous, the effective film
thickness was estimated by averaging AFM height measure-
ments from at least five different locations on the sample.

The optical properties of all of the constituent materials
used for GA optimization and electromagnetic simulation were
characterized by variable-angle spectroscopic ellipsometry (J.A.
Woollam IR-VASE). The 3 mm� 3 mm EBG-MMAwas character-
ized using a N2-purged FTIR spectrometer (Bruker Optics IFS-66)
equipped with a liquid-nitrogen-cooled mercury cadmium tell-
uride detector. A custom-designed setup was used for normal
incidence reflection measurements. The oblique incidence
measurements weremade using a specular reflection accessory
(Thermo Spectra-tech model 500). The measured reflectance
was referenced to a Au mirror to determine the absolute
reflectivity, R. The absorptivity was determined according to
A = 1 � R � T, where T = 0.
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