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O
ptical metamaterials1,2 are compo-
site structures composed of nano-
scale resonators organized to give

a highly customized electric and magnetic
response over a specific wavelength range
of interest. Most of the revolutionary new
optical devices that are being enabled by
the unique effective medium properties of
themetamaterial require a negative, zero, or
graded refractive index with extremely low
absorption loss. Several prominent device
examples that exploit these properties include
perfect lenses,3,4 flat collimating lenses,5

and invisibility cloaks.6,7 Another far less
studied class of metamaterials relies on creat-
ing structures that are tailored for complete
absorption of the incident light in one or
more wavelength bands independent of
polarization and incidence angle.8,9 Thus
metamaterial absorber (MMA) designsmust
balance the electric and magnetic reso-
nances within each wavelength band to
simultaneouslyminimize reflection and trans-
mission and, hence, maximize absorption
for both the incident electric and magnetic
fields. The availability of such MMAs could
provide significant performance improve-
ments for diverse applications including
microwave-to-infrared signature control,8�11

biochemical spectroscopy,12�19 and ther-
mal imaging.20�22

Rapid progress has beenmade in demon-
strating MMAs that operate in the microwave
and terahertz (up to 1.6 THz) regimes.8�17 A
number of single-band device designs were
reported with measured polarization-inde-
pendent absorptivity greater than 90% for
angles of incidence from 0� to 60� at fre-
quencies up to 1.6 THz.10,12 More advanced
multiband terahertz MMAs with up to three
well-defined absorption bands have also
beendesigned and fabricated.14�16 Currently,
the best performing dual-band MMA has a

maximum absorptivity of 85% at 1.41 THz
and 94% at 3.02 THz measured at a 30�
incidence angle.15 Several of the terahertz
devices incorporated a flexible Kapton film
as the dielectric spacer to enable their use in
conformal coatings.12,14 A new type of ab-
sorber with a 2D omnidirectional broadband
response11 was designed using transfor-
mation electromagnetics approaches.23

Fewer high-performance infrared-to-visi-
ble MMAs have been experimentally veri-
fied because the aggressively scaled nano-
resonators needed to reach these shorter
wavelengths impose even stricter constraints
on the metamaterial design and fabrication
process.18,22 Recently, an angularly tolerant
single-band MMA designed for near-IR op-
eration at 1.6 μm was implemented by
patterning a periodic array of simple circular
Au features on a planar magnesium difluor-
ide andAu thin film stack.18 The absorptivity
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ABSTRACT Metamaterials offer a new approach to create surface coatings with highly

customizable electromagnetic absorption from the microwave to the optical regimes. Thus far,

efficient metamaterial absorbers have been demonstrated at microwave frequencies, with recent

efforts aimed at much shorter terahertz and infrared wavelengths. The present infrared absorbers

have been constructed from arrays of nanoscale metal resonators with simple circular or cross-

shaped geometries, which provide a single band response. In this paper, we demonstrate a

conformal metamaterial absorber with a narrow band, polarization-independent absorptivity of

>90% over a wide (50� angular range centered at mid-infrared wavelengths of 3.3 and 3.9 μm.
The highly efficient dual-band metamaterial was realized by using a genetic algorithm to identify an

array of H-shaped nanoresonators with an effective electric and magnetic response that maximizes

absorption in each wavelength band when patterned on a flexible Kapton and Au thin film substrate

stack. This conformal metamaterial absorber maintains its absorption properties when integrated

onto curved surfaces of arbitrary materials, making it attractive for advanced coatings that suppress

the infrared reflection from the protected surface.

KEYWORDS: mid-infrared . conformal . metamaterial . multiband . absorber .
reflection suppression . nanoresonator
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of this device measured at normal incidence using
unpolarized light was 99%. In the mid-IR at 6 μm, a
MMA design composed of an array of nanoscale Au
crosses on a planar alumina and Au thin film stack
achieved a near-unity absorptivity of 97% at normal
incidence.22 In contrast, multiband MMAs require nano-
structures with more sophisticated geometries to in-
duce an additional electric and/or magnetic resonance
for each absorption band, which forces additional
restrictions on the design. Moreover, mechanically flex-
ible constituent materials such as Kapton must be
integrated to realizeMMA coatings for curved surfaces.
This added complexity has hindered progress in devel-
oping MMAs with highly customized multiband IR
response to complement existing single-band18,22

and broad-band absorbers.24

In this paper, we report on the electromagnetic
design and nanofabrication of a conformal MMA opti-
mized to have two nearly perfect, narrow absorption
bands centered at mid-IR wavelengths of 3.3 and
3.9 μm. A genetic algorithm (GA) was used to identify
an array of H-shaped nanoresonators on a flexible
Kapton and Au thin film stack that excite the appro-
priate electric and magnetic resonances for strong
absorption in each band.Measurements of a fabricated
MMA are in strong agreement with theoretical predic-
tions, showing polarization-independent absorptivity
greater than 90% over a(50� angular range in both of
the targeted wavelength bands. Full-wave simulations
that illuminate a curved metal surface protected with
this conformal MMA coating confirm that nearly all of
the reflected light is eliminated within the two absorp-
tion bands, which is in sharp contrast to the unpro-
tected surface. This work represents a significant step
toward realizing high-efficiency MMA coatings that
suppress the reflection from curved surfaces at multi-
ple bands within the 3 to 5 μm atmospheric window.

RESULTS AND DISCUSSION

Electromagnetic Design Optimization. Our dual-band
mid-IR MMA employs a three-layer metallodielectric
stack composed of two gold (Au) layers;a doubly
periodic array of electrically isolated nanoresonators at
the top and a solid ground plane at the bottom;

separated by a thin dielectric layer. Kapton was chosen
for our dielectric layer because it is a highly durable and
flexible polymer that can easily conform to the topo-
graphy of most practical curved surfaces. The array of
Au nanostructures on the top screen creates a resonant
electric response, while the Au ground plane functions
together with the top screen to produce strong cou-
pling to the magnetic component of the incident light.
The continuous Au ground plane, which is thicker than
the penetration depth of light in the mid-IR wave-
length regime, prevents transmission of incident light
through the structure. Therefore, strong absorption is
achieved by minimizing the in-band reflection.

Importantly, the Au ground plane also decouples
the electromagnetic properties of the MMA coating
from the surface it protects, allowing integration onto
curved surfaces of arbitrary materials.

The specific goal was to design a periodic array of
nanoresonators that gives two polarization-indepen-
dent absorption bands centered at 3.3 μm (90 THz) and
3.9 μm (77 THz) with absorptivity greater than 90%, i.e.,
at least 10 dB attenuation, over a (50� field-of-view.
The two closely spaced absorption band wavelengths
were selected arbitrarily within the 3 to 5 μm atmo-
spheric window for this proof-of-concept design. To
achieve such dual-band performance using the de-
scribed three-layer structure, a robust GA25 coupled
with a full-wave electromagnetic solver was employed
to optimize the geometry and dimensions of the
structure to best satisfy the user-defined requirements.
For each of the starting candidate nanoresonator de-
signs, the unit cell of the periodically patterned top Au
layer was divided into a 14� 14 grid of pixels that were
randomly assigned abinary value corresponding to the
presence “1” or absence “0” of Au on the pixel. The Au
pattern was further constrained to possess 8-fold
symmetry to achieve a polarization-independent ab-
sorber response. During the optimization, the unit cell
size and the Kapton thickness were allowed to take
values over a predefined range up to amaximum value
of λ/2 to suppress higher order diffraction. To accurately
account for the material dispersion in the design, the
measuredoptical constantsof theAuandKapton thinfilm
were used in the optimization. Furthermore, nanofabrica-
tion design constraints were incorporated to ensure that
theoptimized structure couldbe easily fabricatedwithout
modifying the nanoresonator geometry.26,27

During the GA evolution, the wavelength-depen-
dent scattering parameters of each candidate design
was calculated using the Ansoft High Frequency Struc-
ture Simulator (HFSS) full-wave finite-element solver
with appropriate boundary conditions assigned to
approximate a TEM wave incident on the structure at
different angles. The absorptivity was calculated by
ATE,TM = 1 � TTE,TM � RTE,TM, where RTE,TM = |S11|

2 and
TTE,TM = |S21|

2 represent the TE and TM reflectivity and
transmittance, respectively. The absorptivity was eval-
uated against an ideal dual-band absorber response to
determine its cost, given by

cost ¼ ∑
λ
∑
θi

[(1 � Aθi , TE)þ (1 � Aθi , TM)] (1)

where λ is the wavelength of the target bands (3.3 μm,
3.9 μm) and θi is the desired angle of incidence range
(0� to 50�). The GA evolved the top Au screen nanor-
esonator geometry, unit cell size, and Kapton thickness
until it converged to a sufficiently low-cost solution, i.e.,
the optimized design was achieved.

Nanoresonator Array for Dual-Band Absorption. The diagram
of the GA-optimized dual-bandMMAdesign is displayed
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in Figure 1a (top right). A detailed single unit cell
illustration is shown in Figure 1a (top left), including
its geometry and dimensions. The top Au screen is
made up of a doubly periodic array of orthogonal stub-
loaded H-shaped (SLH) nanoresonators identified by
the GA, which have a central connecting bar that is
630 nm long and 210 nm wide and two arms that are
840nm longand105nmwide. Eacharm is offset from the
edge of the central bar by 105 nm, and the arms are
separated from one another by 210 nm. The total thick-
ness of the three-layer structure is 200 nm, less than 1/15
of the operating wavelength. The orientations of the
incident TE and TM polarized fields with respect to the
MMA are illustrated in Figure 1a (bottom left). This design
satisfies the nanofabrication design constraints imposed
during design optimization, which ensures that the exact
structure can be realized experimentally to minimize
discrepancies that would degrade the resonant electro-
magnetic properties compared to theory.

The simulated reflectivity of the dual-band MMA at
normal incidence as a function of wavelength is shown
in Figure 2a for both polarizations. Transmission (not
shown) is zero due to the Au ground plane. Two strong
absorption bands are clearly resolved at the target
wavelengths of 3.3 and 3.9 μm. Both bands have a�10
dB bandwidth of ∼0.1 μmwith a maximum absorptiv-
ity of 94.7% or �0.24 dB (reflectivity of 6.3% and �12
dB) at 3.3 μm and of 99.6% or �0.02 dB (reflectivity of
0.4% and�24 dB) at 3.9 μm. Additional reflectivity data
simulated at oblique incidence are plotted in Support-
ing Information, S1 and S2. The calculated angular
dispersion of the absorption for both polarizations is
shown in Figure 2b. The two vertical red strips demon-
strate that the two absorption peaks remain centered
at 3.3 and 3.9 μm over a broad range of incidence
angles for both polarizations. The absorptivity in both
bands remains >91% over a wide field-of-view of(50�
due to the efficient excitation of both electric and
magnetic resonances. Further investigation shows that
this MMA still achieves absorptivity of >60% for TE
polarization and >85% for TM polarization in both

bands at an incident full angle of 160� (see Supporting
Information, S2). Moreover, in the course of design
optimization, we observed a design trade-off between
the absorbing efficiency and the desired number of
absorption bands, which is similar to the findings in
other studies.28�30 In spite of these trade-offs, the
optimized dual-band MMA coating achieves all of the
original performance goals.

Resonant Electromagnetic Properties. To understand the
contribution of each H-shaped Au nanoresonator seg-
ment to the electric and magnetic response, the
current distributions of the MMA at the center wave-
length in each absorption band under a normally
incident illumination with the electric-field linearly
polarized in the x-direction are shown in Figure 3. For
the first absorption band at 3.3 μm, the currents are
primarily concentrated on the two arms of the SLH
nanoresonator and the corresponding area of the
ground plane underneath the arms (see Figure 3a).
Similar to the so-called fishnet31 and paired nanorod32

structures, the antiparallel currents give rise to a mag-
netic resonance. In this band, the strength of the
magnetic resonance overwhelms the electric response,
and thus the strong absorption can be attributed to the
nearly pure magnetic response of the structure. This
dominantmagnetic response indicates that an artificial
magnetic conducting (AMC) condition33 is satisfied, as
confirmed by the zero reflection phase (see Supporting
Information, S3) that is maintained regardless of the
angle of incidence. For the second band at 3.9 μm, the
current is mainly confined on the top Au layer and is
concentrated in the connecting bar and the two arms
of the SLH nanostructures, which behave as electric LC
resonators (see Figure 3b). The inductance is intro-
duced by the middle connecting bar, while the gaps
between the two arms provide the capacitance. There-
fore, the electric resonance is driven when the incident
electric field is parallel to the arms. In addition, a
magnetic resonance is also introduced by the antipar-
allel currents on the connecting bar and the corre-
sponding area on the bottom Au ground plane. The

Figure 1. DiagramandFESEM imageof the fabricateddual-bandmid-IRMMAcoating. (a) Top:Doublyperiodic arrayofH-shaped
nanoresonators showing magnified view of one unit cell with dimensions a = 1475 nm, h = 315 nm, w = 210 nm, g = 840 nm,
c=105nm, andd=200nm(topandbottomAu: 50nm,Kapton: 100nm). Bottom right: FESEM imageof aportionof the fabricated
MMA. Scale = 600 nm. Bottom left: The orientation of the incident fields with respect to the MMA. (b) Low-magnification FESEM
image of the freestanding fabricated conformal MMA coating showing its mechanical flexibility. Scale = 1800 nm.
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combined contribution of both of these electric and
magnetic resonances produces the strong absorption
at 3.9 μm, consistent with the �90� reflection phase
that is shown in Supporting Information, S3.

Nanofabrication and Characterization. The GA-optimized
MMA coating was fabricated by evaporating the Au
ground plane layer and spin coating the thin Kapton
dielectric layer on a handle substrate. The periodic
array of H-shaped nanoresonators was patterned on
top of the Kapton layer using electron beam lithogra-
phy followed by a Au lift-off procedure, as shown in the
field emission scanning electron microscope (FESEM)
image in Figure 1a (bottom right). The three-layer

metallodielectric structure was then removed from the
handle substrate to demonstrate its mechanical flex-
ibility and durability (see Figure 1b). The reflectivity of
the fabricated MMA at normal incidence, measured
using a Fourier transform IR (FTIR) spectrometer (see
Methods for detailed description of measurement
setup), is shown in Figure 2a. The wavelengths corre-
sponding to the maximum normal incidence reflectiv-
ity shifted by less than 3% from the simulated values,
changing from 3.30 to 3.40 μm in the first band and
from 3.90 to 3.85 μm in the second band. At these
wavelengths, the measured reflectivity for both polar-
izations was 3.2% (�15 dB) and 4.0% (�14 dB),

Figure 2. Angular peak dispersion of the MMA absorption spectra. (a) Simulated and measured reflectivity of the MMA
coating under TE (left) and TM (right) illumination at normal incidence. The identical reflectivity is attributed to the 8-fold
symmetry of the unit cell that enables the response of the structure to be independent of the azimuthal angle of the incoming
light. (b) Contour plot of the simulated absorptivity as a function of wavelength and angle of incidence under TE (left) and TM
(right) illumination. The two vertical red strips clearly show two strong absorption bands almost independent of the incident
angle. (c) Contour plot of themeasured absorptivity as a function ofwavelength and angle of incidence under TE (left) and TM
(right) illumination. The two angularly independent absorption bands agree well with the theoretical predictions. Near-unity
absorptivities were achieved in both bands experimentally, confirming a successful realization of the designed structure.
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respectively. This represents a decrease in reflectivity
from 6.3% to 3.2% (3.1% difference) in the first band and
an increase from 0.4% to 4.0% (3.6% difference) in the
second band. Additional reflectivity data measured at
oblique incidence can be found in the Supporting
Information, S4. The absorptivity of the fabricated
MMA, calculated from the measured reflectivity, is
shown in Figure 2c as a function of both the wave-
length and the angle of incidence. The two absorption
peaks of the MMA remain above 90% for an incidence
angle up to 50� for both polarizations, with the�10 dB
bandwidth of both bands exhibiting a maximum
broadening of 0.06 μm over the entire angular range
compared to the simulated results.

Themeasured results confirm that the optical prop-
erties of the nanofabricated MMA coating agree well
with the simulations for all of the initial design param-
eters. The sources of the small differences between
experiment and theory were identified through an in-
depth study of the fabricated structures by FESEM.
Simulations reveal that the primary cause of the wave-
length shift is the slight rounding at the ends of
the patterned Au nanoresonators, which changes the
effective electrical length of the central connecting bar
and the two arms. Two primary factors contribute
to the degradation in bandwidth. First, the slightly
tapered sidewall profile (∼80�) of the evaporated Au
nanoresonators results in some degradation in the
quality factor of the resonances. Second, variations in
the Au nanoresonator dimensions across the large-
area MMA (∼5%) can give slightly shifted absorption
bands, resulting in a broadened integrated line shape
of the absorption peaks from the large-area structure.

Further optimization of the Au nanoresonator fabrica-
tion processes is expected to produce MMA coatings
with even better correspondence to theory.

Protecting a Curved Surface with a MMA Coating. To inves-
tigate the performance of this conformal dual-band
MMA for applications such as mid-IR reflection sup-
pression, we conducted a 3D full-wave simulation of
the MMA coating a curved metal surface. As the
schematics in Figure 4a,b illustrate, the field pattern
of a curved Au ground plane is compared with that of
the same ground plane protected by the MMA when
illuminated by an obliquely incident beamwith a finite
beamwidth. The insets show the 3D views of the
structures for each case. Without the MMA coating,
the curved ground plane creates strong reflections in
multiple directions for each band, as shown in
Figure 4c. The field snapshots show that standingwave
patterns arise due to the interference between the
incident and reflectedwaves. However, when theMMA
covers the curved surface, reflection is nearly elimi-
nated for both polarizations in both bands, as dis-
played in Figure 4d,e. A slight reflection remains near
the horizon, which is caused by the portion of the
curved MMA that is illuminated by waves at near-
grazing incidence angles. This can be attributed to
the reduction in absorptivity that occurs at large
incidence angles, particularly for the TE polarization
(see Figure S2). Field animations are available in the
Supporting Information, S5. The considerable reduc-
tion in reflection achieved by the MMA coating con-
firms that its performance is retainedwhen it protects a
highly reflective curved surface. In addition, as is
evident from Figure 4d,e, the field is strongly confined

Figure 3. Finite-element method simulations of the unit cell current distributions at normal incidence. (a) 3D view of the
current distribution in the top Au nanoresonator layer (top) and bottom Au ground plane layer (middle) for the first
absorption band at 3.3 μm. The bottom plot shows the cross-sectional view of the current distribution. (b) 3D view of the
current distribution in the top Au nanoresonator layer (top) and bottom Au ground plane layer (middle) for the second
absorption band at 3.9 μm. The bottom plot shows the cross-sectional view of the current distribution.
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within the thin functional layer (only ∼1/15λ) of the
MMA, indicating a high absorptivity-over-thickness effi-
ciency that is superior to conventional (nonmetamate-
rial) absorbers. Moreover, no fields are observed behind
the solidAugroundplane; accordingly, the performance
will not be affected by the object that the MMA covers,
making it useful as a coating on various metal and
dielectric surfaces.

CONCLUSIONS

In conclusion, we have shown the design and
nanofabrication of a polarization-insensitive, dual-
band MMA with measured absorptivity greater than
90% over a (50� incidence-angle range in the mid-IR

at 3.3 and 3.9μm. Electromagnetic simulations confirm
that the absorption properties of the metamaterial
are due to the electric and/or magnetic resonances
excited by the periodic array of H-shaped nanoresona-
tors patterned on a Kapton and Au thin film stack in both
wavelength bands. The highly conformal nature of the
MMA coating was demonstrated experimentally, and
3D full-wave simulations show that the absorbing
properties aremaintained when it is placed on a highly
reflective curved surface. Because the performance of
the MMA is independent of the material it protects, it is
promising for a variety of applications, including suppres-
sing themid-IR reflectionof curvedmetal surfaces inmore
than one wavelength band.

METHODS

Nanofabrication Process Flow and Mid-IR Measurement. Nanofabri-
cation of the GA-optimized MMA began by thermally evaporat-
ing a 50 nm gold layer on a clean Si wafer. The intermediate
Kapton layer was then deposited on top of this bottom gold
layer by spin coating the wafer with the polyimide precursor
(HD Microsystems PI2556:T9039 = 1:2). The as-spun polyimide
filmwas soft baked at 120 �C for oneminute and then cured in a
N2-purged convection oven at 250 �C for one hour in order to
complete the imidization through elimination of the solvent.
The top Au nanoresonator array was defined using electron-
beam lithography and a metal lift-off process. A layer of

electron-beam resist (Nippon ZEP 520A) was spun onto the
Kapton layer. After exposing (Leica EBPG-5HR) and developing
the pattern, a 50 nm Au film was evaporated and lifted-off by
dissolving the resist (MicroChem NANO REMOVER PG).

The MMA reflectivity was measured using a Fourier trans-
form IR spectrometer (Bruker Optics IFS-66 main compartment)
equipped with a liquid nitrogen cooled mercury cadmium
telluride (MCT) detector. For near-normal incidence (<1� off
normal) measurements, a custom optical setup composed of
mirrors and a beam splitter was constructed in themain sample
compartment of the FTIR to direct the reflected IR signal to the
MCT detector. For oblique incidencemeasurements, the sample

Figure 4. Finite-element method simulations of curved metal surface protected with a MMA coating. (a) Schematic of an
unprotected curved metal surface (50 nm Au) producing strong reflection in multiple directions when illuminated by an
incident beam. The inset shows a 3D view of the curved metal surface. (b) Schematic of a MMA-coated curved metal surface
(50nmAu)with significantly reduced reflectionwhen illuminatedby an incident beam. The inset shows a3Dviewof theMMA-
coated curvedmetal surface. (c) Simulation of the electric fieldmagnitude for the unprotected curvedmetal surface at 3.3 μm
(top) and 3.9 μm (bottom). (d) Simulation of the electric field magnitude for the MMA-coated curved metal surface under TE
incident illumination at 3.3 μm (top) and 3.9 μm (bottom). (e) Simulation of the electric field magnitude for the MMA-coated
curved metal surface under TM incident illumination at 3.3 μm (top) and 3.9 μm (bottom).
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was mounted on a variable-angle specular reflection accessory
(Thermo Spectra-Tech model 500) to collect the angle-resolved
reflectivity data in 10� increments to amaximumangle of 50�. In
each case, the absolute reflectivity was determined by referen-
cing the measured values to the reflectivity of a Au mirror. The
contour plot in Figure 2c was generated by linear interpolation
between the measured reflectivity values.

Metamaterial Absorber Coated Curved Metal Surface Simulation. For
the simulation of the MMA-coated curved metal ground plane
surface, the HFSS finite element solver was employed. In the
simulation domain, a strip of the MMA with a width of one unit
cell in the x direction and a length of 26 unit cells was
considered. To mimic a 1D infinite structure, perfect electric
conducting boundary conditionswere assigned to the front and
back walls in the x direction for TE polarization and perfect
magnetic conducting boundary conditions for TM polarization.
Awaveguidewas connected to the semicircular air box as a feed
for a finite width beam impinging obliquely on the structure.
Dispersive optical constants measured by variable-angle spec-
troscopic ellipsometry were also included to accurately model
the Au and Kapton layers.
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