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In this letter, we discuss the design, fabrication, and experimental characterization of a bi-layer

fully functional near-perfect metamaterial absorber (MMA) in the long-wavelength infrared

(LWIR), which is broadband and generally insensitive to polarization up to a 60� incidence angle.

A spectral absorptance of �99% was attained simultaneously at multiple LWIR wavelengths, with

a bandwidth of 2 lm where the absorptance is �90%. This remarkable behavior is attributed to the

strong mixing of coupling modes between the two resonators and the ground plane in the presence

of a lossy dielectric, in which single layer structures do not exhibit. Furthermore, we show, by com-

paring two different MMA structures, how the absorption can be tailored by design within and

across several IR subdivisions through a slight change in geometrical parameters. The bi-layer

MMA has the immediate application of a functionally versatile, low-profile thermal sensor or emit-

ter. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926416]

Perfect absorbers in the infrared (IR) are particularly

exciting due to their applicability as thermal emission control

surfaces, among other applications. Efforts have been made

to tailor the thermal emission of structures through the use of

1-D and 2-D gratings,1,2 photonic crystals,3,4 and microstrip

patch arrays.5 However, many of these solutions are narrow-

band and lack functionality at certain polarizations or inci-

dence angles, all of which are critical to practical thermal

applications where maximum absorption of light is desired.6

Since the experimental demonstration of a near-unity

metamaterial absorber (MMA) in the microwave spectrum in

2008,7 a great deal of research has been invested into estab-

lishing the utility of a perfect absorber for real-world applica-

tion. Work rapidly expanded into the terahertz,8 short-wave

IR,9 mid-wave IR,10 near-infrared,11,12 and visible range;13

and with it came a flood of attempts to increase bandwidth

and insensitivities to polarization and incidence angles (see

Ref. 6 for a comprehensive review). Initially, most of these

designs suffered in one area or another: multi-band and wide-

angle designs were still narrow-band14–17 or polarization-de-

pendent,7,8 while these wholly insensitive broadband designs

did not attain a consistent absorptance over 90%.18,19

However, significant advancements have been made in creat-

ing “fully functional” near-perfect absorbers: those which ex-

hibit strong broadband responses while being simultaneously

angle and polarization insensitive. In the past year alone, fully

functional MMAs have been demonstrated in the micro-

wave,20–25 terahertz,26–28 and optical29 regimes. Despite this

advancement, we found a lack in development of fully func-

tional IR MMAs.30–38

In this letter, we demonstrate, both computationally and

experimentally, a fully functional near-perfect MMA in the

long wavelength IR (LWIR) range. We used a bi-layer pat-

tern to achieve a wide-angle, polarization-insensitive, broad-

band performance which is superior overall to many single

layer30,31,33,35 and previous multi-layer nested designs39 in

the IR regimes and which is comparable to state-of-the-art in

other frequency regimes cited above. Experimentally, we

achieve an absorptance of up to 99.9% with a 90%

absorptance bandwidth of over 2 lm or about 20% of the

center LWIR wavelength of 10 lm. For both sand p-

polarizations, the broadband absorption remains approxi-

mately at or above 90% up to 45� angles and at or above

80% up to 60� angles.

Invoking Kirchhoff’s law and ignoring cross-polarization

terms and diffraction beyond zeroth-order (verified to be neg-

ligible in our parameter space), the spectral directional ab-

sorptance is described by As=pðx; hÞ ¼ 11� Ts=pðx; hÞ
�Rs=pðx; hÞ, where x is the angular frequency, h is the polar

angle of incidence, T and R are the squares of the complex-

valued Fresnel transmission and reflection coefficients,

respectively, and s=p identifies the s- or p-polarization state

and accounts for the azimuthal (/) dependence on the absorp-

tion. The total hemispherical absorptance can then be found

by integrating over the spectrum and hemispherical space and

then summed for each polarization. Therefore, this bi-layer

MMA, as a fully functioning absorber of LWIR radiation,

should act as a more intense thermal emitter over absorbers

which are limited in bandwidth, polarization, or angle, as long

as absorption can remain strong throughout the parameter

space.

Consequently, one can create strong absorption by

simultaneously diminishing the reflection and transmission
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responses of a structure. The conventional design of a

planar MMA consists of a single electric resonator on a

ground plane separated by a lossy dielectric layer, which can

ensure T ! 0 and minimize back reflections. For minimiza-

tion of reflection off the top surface, impedance matching

to free space is required, i.e., such that Zðx; hÞ
¼

ffiffiffiffiffi
ðl

p
ðx; hÞ=eðx; hÞ ¼ Z0 ¼ 120pX.40 Here, effective me-

dium theory for metamaterials can be employed, where the

geometry of the MMA structure determines the complex op-

tical constants: the electric permittivity eðxÞ and the mag-

netic permeability lðxÞ.41 The electric response is achieved

through the metallic resonator and the magnetic response is

achieved through antiparallel currents in the top layer and

the ground plane. Tuning of the electric and magnetic

responses can be achieved by changing the geometry of the

resonator and varying the thickness of the dielectric, respec-

tively, giving near unity absorptance at the impedance

matched wavelength.6

However, this approach is not suitable for the prepon-

derance of multi-band designs which are single layer, i.e.,

the electric resonators all lie in the same plane, in a

“wallpaper” fashion.19,23,30,42–45 One drawback is that the

filling fraction of electric resonators is reduced over the sin-

gle band case. Another drawback is that the magnetic

response must be tuned for all electric resonators simultane-

ously, rather than individual tuning. In single-plane designs,

one l determined by the dielectric thickness contributes to

Zðx;hÞ for all resonators, allowing for the perfect impedance

match of at best one of the resonators to free space. The

result is an imperfect impedance match, and hence imperfect

absorption, for each frequency band. The bi-layer design pre-

sented in this letter provides a significant advantage over tra-

ditional single layer broadband devices because not only is

the filling fraction maximized, but also because impedance

matching is only required for the upper interface resonator,

allowing individual tuning of not only the electric response

via the geometry of the stacked metallic resonators but now

also the magnetic response through the thickness of each

dielectric layer.

Using the finite-element computational software

COMSOL Multiphysics,46 we have designed two different

fully functional MMA structures for demonstration. Top-

view and side-view schematics and scanning electron micro-

scope (SEM) images of the MMA structure are shown in

Figures 1(a)–1(d). Each structure comprised three metallic

elements—two stacked gold cross resonators over a gold

ground plane—each separated by benzocyclobutene (BCB)

dielectric spacers. Several parameters are identical for both

structures: a unit cell size of a ¼ 3:2 lm, a ground plane of

thickness of 100 nm, and each resonator consists of a 50 nm

thick gold pattern with line width w ¼ 500 nm. The sizes of

the resonators in structure 1 (S1) are lB ¼ 2:8 lm for the

lower resonator and lT ¼ 2:7 lm for the top resonator, which

generate slightly different resonance frequencies, creating a

broadband effect. The bottom resonator is separated from the

ground plane by a BCB layer t1 ¼ 170 nm and the two reso-

nators are separated by t2 ¼ 500 nm. Structure 2 (S2) exhib-

its a slight reduction in these parameters, with lB ¼ 2:7 lm

and lT ¼ 2:65 lm, and with the BCB layers having thick-

nesses t1 ¼ 160 nm and t2 ¼ 350 nm. Neither design is

optimized beyond the interest of a near-perfect absorption

around 10 lm—though it was assumed the gold cross dipole

would perform favorably over a wide set of parameters, no

materials or structural optimization steps were applied in the

design to maximize the response.

The frequency dependent complex refractive index for

gold is based on Ordal,47 while the BCB properties are

extracted using ellipsometric techniques. The spectral behav-

iors for both polarization states are calculated as Tðx; hÞ
¼ jS21ðx; hÞj2 and Rðx; hÞ ¼ jS11ðx; hÞj2, where S21 and S11

denote the complex Fresnel transmission and reflection coef-

ficients, respectively, for a reciprocal scattering network.

Floquet boundary conditions are applied to a single unit cell

to simulate an infinite periodicity and to account for phase

shift across the elements at oblique incidence angles. The ab-

sorptance Aðx; hÞ is calculated by 1� Rðx; hÞ, due to the

presence of the electrically thick and continuous metallic

ground plane. In the stated periodicity, only the �1st-order

diffraction mode exists throughout the angular range, up to

6.29 lm at 75�. By defining this as the lower wavelength

limit of what is presented in simulation, diffraction can be

ignored in the calculation for Aðx; hÞ.
Fabrication started with two 6-in. h100i silicon wafers

to serve as substrates. First, the gold ground plane is depos-

ited via electron-beam evaporation. The first BCB dielectric

layer is then spin-coated and cured; the wafers are prepared

with varying BCB thicknesses of 160 nm and 170 nm, as

stated above. The first meta-material layer is then photo-

lithographically patterned using a deep UV (193 nm) step

and scan system (at the North Carolina State University

Nanofabrication Facility, NNF). A 50 nm gold film is then

evaporated and the metamaterial patterns defined using the

lift-off technique. The second dielectric BCB layer is spin-

coated and cured; the second BCB layer serves as the dielec-

tric as well as a planarizing layer, which is necessary for

FIG. 1. Design and fabrication of bi-layer MMA. (a) Schematic diagram of

top view of unit cell. (b) Side view of the MMA unit cell. Blue represents

the BCB dielectric spacer, grey represents the silicon substrate, and yellow

represents the gold metamaterial and ground plane layer. (c) SEM image of

the unit cell. (d) The SEM image of the periodic array.
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subsequent photo-lithographic patterning. The second meta-

material layer is formed in a manner similar to the first. The

samples were shown to have excellent uniformity and align-

ment [see Figures 1(c) and 1(d)].

Spectral reflectance measurements were carried out

using the SOC-100 Hemispherical Directional Reflectometer

(HDR), developed by Surface Optics Corporation.48 A

Lambertian thermal source is positioned at one focus of a

gold-plated hemi-ellipsoidal cavity, and the sample is placed

at the other focus, thereby illuminating the sample from all

angles. The collection optics capture the polarized diffuse

and specular components of the scattered energy, providing

directional reflectances from incidence polar angles between

8� and 80�. All reference to normal incidence measurements

were taken at this minimum angle. Transmission and diffuse

reflection were validated by cursory measurements to be

negligible contributions within the desired spectrum and

angular range, which validates our numerical approach.

Both the experimental (blue, solid) and simulated (red,

dot) absorptances at normal incidence for S1 and S2 are

shown in Figures 2 and 3, respectively. In both structures,

we see several primary peaks between the approximate

wavelength range of 8.5–10.5 lm. These resonances overlap

enough to form a band of near unity absorptance, with the

structures exhibiting a bandwidth of absorptance over 90%

of 2.08 lm and 1.84 lm, respectively. In S1, there are three

wavelengths of near unity absorptance at 9.14 lm, 9.93 lm,

and around 10.5 lm, with experimental absorptances of

99.9%, 99.8%, and �97%, respectively, which generate an

impressive 95% bandwidth of 1.81 lm. Due to the altered

geometry, S2 has slightly blue-shifted absorptance peaks at

8.57 lm, 8.93 lm, and 9.99 lm with experimental absorptan-

ces of 99.9%, 99.0%, and 99.0%, respectively. Note that at

the designed absorption wavelength of 10 lm, there are

nearly equal contributions of resistive and Ohmic losses.

The simulated responses (at true normal incidence) are

in good agreement with experimental data, with the largest

discrepancies being reductions in some regions of the simu-

lated peak amplitudes on the order of about 10%. We assert

this variance to be primarily due to the inaccuracy of the

amplitudes and peak positions of the Lorentzian oscillators

fitted from the BCB parameter extraction technique, and

highlight the sensitivity of these properties on the model.

This assertion can be qualifiedly justified by examining the

imaginary component of the refractive index, k, of the BCB

substrate, displayed in Figure 3 (magenta, dash-dot), and

comparing against recent work on BCB thin films by

Kamineni et al.49 While the overall agreement between our

BCB properties are good, there is a significantly reduced

(but present) peak in our data near 10 lm that would likely

account for the discrepancy in this spectral region if it were

set at this higher value.

As there are two metal resonators, it is expected that the

absorptance could be attributed to the mixed coupling states

between the two resonators, the upper or lower resonator and

the ground plane, and both resonators with the ground plane

in various degrees. In addition, another source of high spec-

tral absorption would be accomplished from the energy

exchange between these elements in the lossy dielectric. To

better understand the source of this broad absorptance, we

explored the power dissipation in the simulated S2 MMA.

Figure 3 shows the power loss in the gold metamaterial,

PL;mm (black, dot) and in the BCB, PL,BCB (black, dash-dot),

derived from volume integrals of the power dissipation den-

sity in the metal and dielectric domains, respectively. These

values were normalized to the total PL,t (black, solid). As

expected, both resistive and dielectric losses exist, with the

former appearing as minima at the maxima of the latter, but

not necessarily vice versa. Peaks of PL;mm appear where the

maximum absorptances exist for a structure with a single,

isolated metamaterial of identical geometry and position (not

shown), with the peak at 8.55 lm representing the upper

inclusion and the peak at 10.24 lm representing the lower

one. Peaks of PL;BCB follow k, as well as the simulated ab-

sorptance in a undecorated slab (i.e., no metamaterial) of the

BCB substrate (red, dash-dot), which, when compared to the

FIG. 2. Experimental (solid) and simulated (dot) spectral absorptance at nor-

mal incidence for S1. Inset image shows modeled structure, taking advant-

age of four-fold symmetry.

FIG. 3. Same results as in Figure 2, for S2. The power loss is extracted from

separate volume integrals of the power loss density in the gold metamaterial

(black, dot) and BCB (black, dash-dot) domains and are normalized to the

total power loss (black, solid) in both domains. Extracted data of the BCB

imaginary component of the refractive index, k (magenta) and the simulated

absorptance of unadorned BCB (red, dash-dot) show how power loss is mag-

nified in the dielectric by presence of the metamaterial inclusion.
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MMA absorptance, serves as a useful demonstration of the

effective magnitude of introducing the resonant metamaterial

into the system.

The particular coupling behavior between the resistive

elements can be identified by exploring the power dissipation

and current densities in the structure at these peaks, shown in

Figure 4. Black cones represent the displacement current

density (A/m2), and the surface colormap denotes the

power dissipation density (W/m3). At the narrow peak of

PL;BCBðk ¼ 7:93 lmÞ (a), energy from the upper resonator

scatters into the BCB, but is dissipated largely in the substrate

without effectively coupling to the lower resonator or ground

plane. Conversely, at PL;mmðk ¼ 8:55 lmÞ (b), the low mate-

rial loss permits strong coupling to the lower resonator, gen-

erating a circular current flow, which in turn couples more

weakly to the ground plane. This generates a field concentra-

tion in the BCB near the metamaterial surface, which contrib-

utes significantly to a large A, even in a region of low

material loss. At the peak of PL;BCBðk ¼ 9:60 lmÞ (c), the

losses in the metamaterial have visibly diminished and there

are only weak couplings between the resistive elements; yet,

the dissipation remains large, as what energy is accepted into

the MMA couples primarily into the BCB phonon mode. At

the other resistive peak at PL;mmðk ¼ 10:24 lmÞ (d), there is a

strong coupling between the lower resonator and the ground

plane, with little interaction with the upper resonator. Overall,

these results show an absorption not only via the conventional

impedance matching condition but also through the mutual

interaction of all three layers. This understanding of the cou-

pling mechanisms and the interplay between resistive and

dielectric losses can be utilized in optimizing the structure

further such as improving bandwidth.

Figures 5(a) and 5(b) show the experimental and simu-

lated angular absorptance spectra of S2 at 15� intervals, from

a p-polarized and s-polarized plane wave, respectively. For

both polarizations, the experimental absorptance remains

above 90% for a majority of the region between 8.25 and

10.0 lm, up to 45�. The p-polarized absorptance remains

broad at around 80% up to 60�, whereas the s-polarized

response begins to drop, but is generally �50% up to 60�.
This is because the p-polarized light maintains a strong mag-

netic coupling at high angles, while magnetic coupling of the

s-polarized light becomes progressively weaker with increas-

ing angle.

Two other peaks can be seen in Figure 5(a) that do not

appear in Figure 5(b). One is a surface plasmon polariton

(SPP) mode which reaches near-perfect absorptance around

6.6 lm, and the other is a Bloch mode observable around

4.75 lm which predictably red-shifts with increasing angle

and ultimately merges into the SPP mode (not simulated, as

mentioned above, except at 15�—where there is only a 0th

order response—to show agreement). Both resonances have

been reported in our previous works on single layer MMAs.50

In conclusion, we have presented the design, fabrication,

and characterization of a fully functional MMA in the LWIR

regime based on a bi-layer structure. We achieved at normal

incidence a broadband absorptance with a bandwidth of 90%

spanning over 2 lm (20% bandwidth at LWIR center band)

and a maximum experimental spectral absorptance of 99.9%

that is generally insensitive up to 45�. The enhanced absorp-

tion is due to the variable interlayer coupling mechanisms

within the lossy dielectric, the increase in filling fraction and

the ability to accurately tune the electric and magnetic

resonances for each layer. This low-profile MMA structure

could easily be used for a broadband, wide field-of-view sen-

sor or emitter over a span of desired IR subdivisions.

FIG. 4. Simulated distributions of power loss density (colormap), and dis-

placement current density, Jd (black cones), for a quadrant of S2, sampled at

the strong dielectric ((a) and (c)) and resistive ((b) and (d)) peaks shown in

Figure 3. In the dielectric domains, Jd magnitudes are amplified by a factor

of 20 from that at the metal interface.

FIG. 5. Experimental (solid) and simulated (dotted) spectral absorptance of

S2 at oblique angles, in 15� intervals, from (a) p-polarized and (b)

s-polarized incident light. Amplitudes are offset by 0.5 for each angle, so the

dashed line represents 90% absorptance for each data set. Vertical lines rep-

resent the BCB absorption peaks.
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