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Abstract

The absorption properties of trilayer and more sophisticated multilayer metamaterial structures are
analyzed by numerical simulations. The dissipative electromagnetic energy absorption of tailored
metamaterials can be utilized to improve the performance of thermal detectors. The absorption
properties such as absorption resonance frequency, amplitude and spectral bandwidth depend on the
geometry of the metamaterials. Here, we consider isotropic disk-shaped components of Al- and Al/AIN-
stacked absorber elements. They show spectral resonances at wavelengths between 2 and 6 pm,
reaching near unity absorption with narrow bandwidths ranging from 0.45 pym to 1.05 um. Multilayered
metamaterial structures show multiband perfect absorption which are for simultaneous multispectral
infrared imaging.
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Introduction

Metamaterials are artificial compositional
structures which exhibit physical properties
different from the intrinsic properties of the
individual material components [1]. Optical
properties such as the negative refractive index
[2] and electromagnetic cloaking [3] can be
observed, which are not accessible in naturally
occurring materials. In general, periodically
arranged metal-dielectric structures with unit cell
dimensions in the sub-wavelength regime are
employed to independently tune the electric [4]
and magnetic [5] resonances evoked by the
incident radiation. The circulating surface
currents induced by plasmon resonance in the
metallic layer accompanied by the displacement
field in the dielectric layer [6] can be manipulated
by changing the geometrical and material
parameters. Metamaterials can be character-
ized by the complex effective electric permittivity
&(w) =& +ie, and magnetic permeability
u(w) = uy + iy, [7]. In research, much attention
has been paid to the real part of € and u to create
materials with negative refractive index, while at
the same time minimizing the undesired losses.
Similarly, the imaginary loss terms ¢, and u, can
be engineered to achieve high attenuation and
consequently large absorption. By independent-
ly manipulating resonances in ¢ and u, it is
possible to effectively absorb both the incident
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electric and magnetic field. Moreover, the imped-

ance of the metamaterial, Z = \/e(w) /u(w), can
be matched to free space giving rise to
minimized reflectivity [8]. The perfect meta-
material absorber (PMA) is defined to have
absorption near unity.

The enhanced absorption properties of meta-
material can be utilized to tailor the spectral
responsivity of thermal sensors [8-10]. Thermal
sensors, like bolometer, thermopile, and
pyroelectric  sensor, convert temperature
changes caused by the absorption of incident
light into an electrical signal. They usually have
a broad spectral response. Exchangeable or
fixed optical filter units are used for wavelength
selection. In order to achieve a large sensor
responsivity, a large absorption is required.
Therefore, metamaterials directly integrated on
top of thermal sensors are wavelength-selective
with an effective absorption and heat transfer [9,
10].

This paper aims towards the understanding of
the properties and composition of micron-sized
metamaterial stacks and their utilization as
wavelength-selective PMA in thermal sensors.

Materials and Simulation Model

As composite dielectric/metallic materials, highly
conductive Aluminum (Al) with low ohmic losses
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and non-dissipative Aluminum nitride (AIN)
dielectric interlayer were chosen. Al is a good
thermal and electrical conductor. AIN has
superior thermal and mechanical properties in
the infrared. In particular, the high thermal
conductivity of AIN is comparable to metals such
as Al and is about ten times higher compared to
Al oxide [11]. This can be beneficial for the heat
transfer to the energy transducer in an integrated
sensor. Moreover, these materials are compati-
ble with standard microelectronic production
processes.

A simple layout of a near unity absorber
mitigates lithographic demands (Fig.1). The
disc-like top metallic layer (resonator) of an
Al/AIN/Al-trilayer is located in the center of the
square-shaped unit cell consisting of the bottom
metal and the dielectric layer of side length p.
Due to the circular resonator shape, the
excitation of the resonance is expected to be
isotropic and independent on radiation polariza-
tion [6]. As will be discussed later, the trilayer
absorber is additionally extended to a multilayer
absorber with alternating dielectric/metallic
stacks (Fig. 1). Moreover, a passivation layer,
which is usually found in thermal sensors, e.g.
SiOz2 in thermopiles, SiaNx in bolometers or Au in
pyroelectric detectors, is also considered in the
layout (Fig. 1). The areal density of the
metamaterial is determined by the disk radius in
the unit cell.

Finite-element simulations based on the com-
mercially available software package COMSOL
Multiphysics were performed to analyze the
optical properties of a reduced three-
dimensional model (Fig. 1). The incident light is
an electromagnetic plane wave propagating at
normal incidence along the negative z-direction.
The boundary conditions for the unit cell outer
walls perpendicular and parallel to the electric
field are perfect electric and perfect magnetic
conductor, respectively. For the top and bottom
outer walls scattering boundary conditions with
and without an incident wave are used,
respectively. The experimental refractive index
values of the individual materials including the
dispersion relation are taken from [12-14] and
implemented in the model. The field distributions
and the time averaged power flow in the
structure is calculated. Reflection is determined
by simulating the same elementary cell geometry
with all layer domain properties set to vacuum
and normalized to the incident intensity. The
difference in the integrated power flow at the
individual layer boundaries reveal the absorption
values as A(w) =1-R(w) —T(w), with the
frequency dependent reflectance R(w) and
transmittance T'(w).
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Fig. 1. Schematic illustration of the unit cell in the
numerical simulations.

Electric and Magnetic Resonances

The incident electromagnetic plane wave
propagating in negative z-direction excites
plasmon resonances in the top metallic layer
and, thus, polarization currents depending on the
electrical permittivity appear inside the metal.
The resonator layer at the top behaves like an
electric dipole that serves as a coupler to the
electric field of the incident wave. Consequently,
the electromagnetic fields are concentrated
within sub-wavelength regimes leading to a
significant increase of the local field strengths
(Fig. 2, a)). The origins of magnetic resonances
are anti-parallel currents in the metallic layers,
which, together with the displacement field in the
dielectric layer, result in circulating currents [6,
15]. The current loop induces a magnetic dipole
moment that can resonantly couple to the
magnetic field vector of the incident light. For a
strong localization of the electromagnetic energy
within the metamaterial, both, an electric and a
magnetic dipole resonant coupling at the same
frequency is necessary. This resonant coupling
is of destructive nature for the reflected direction,
thus eliminating reflection. In a PMA, neither
reflections nor transmissions of the incident light
can be observed [5, 16].

The simulated electromagnetic field distributions
within the absorber element where both
resonances appear are exemplarily shown in
Fig. 2. Here, typical geometric parameters for
resonator radius and thickness, dielectric,
bottom metal and SiO2-substrate thicknesses
are 500 nm, 50 nm, 110 nm, 150 nm and 250
nm, respectively. The distribution of the electric
field in Fig. 2 a) shows the typical dipole
excitation and spatial localization within the
dielectric interlayer. The concentration of the
magnetic field in the dielectric layer
demonstrates the confinement of the magnetic
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field caused by the oscillating current loop (Fig.
2 b)). The inhomogeneous distribution of the
current density in both metal layers is depicted in
Fig. 2 c). For smaller wavelengths far from
resonance, the surface current density displays
a rather homogeneous distribution with
significantly lower current amplitudes. Approach-
ing the resonance wavelength, the current
density experiences a progressive concentration
at the center of the resonator and reaches its
maximum value at resonance wavelengths. For
wavelengths beyond the resonance, the current
density steadily decreases. Noteworthy is that
the surface current reverses its sign from
positive to negative resulting in a directional
change of the circulating current loop. The
normalized current density magnitude is slightly
asymmetric for wave-lengths smaller and larger
than the resonance wavelength. The induced
image charges in the bottom metal layer behave
similar to those observed in the top metal layer.
The current sheets in the bottom layer are
antiparallel oriented and show slightly lower
amplitudes compared to the top layer. In agree-
ment to theoretical predictions, the current
sheets in both metallic layers form a circulating
current loop, have comparable amplitudes, and
are slightly out of phase [6, 16]. Figure 2 d)
displays the according time averaged energy
flow of the electromagnetic wave in the absorber
element at resonance.

Simulation Results: Geometry Variations
and Absorption

The influence of all geometrical parameters on
the absorption behavior of metamaterials was
analyzed. Except for the multilayer systems, all
results presented here correspond to trilayer
absorbers.

Fig. 3 a) shows a selection of absorption spectra
for resonator radii varying between 200 and
600 nm, while all other parameters were kept
constant. The layer thicknesses of the resonator,
dielectric, bottom metal, and substrate are
50 nm, 115 nm, 50 nm, 250 nm, respectively.
The unit cell side length was 2.1 ym. A variation
of the resonator radius results in a clear shift of
the resonance peak which indicates a change in
the effective dielectric permittivity of the meta-
material structure. The resonance wavelength
experiences a linear red shift with increasing
radius. According to a linear fit, a radius change
of 10 nm causes a shift in the resonance
wavelength of 80 nm. This is a good reference
value in order to estimate peak shifts due to
geometric tolerances caused by fabrication
errors. The full width half maximum (FWHM) of
the absorption peak gives information about the
coupling strength of excited oscillations in the
metamaterial system. There is a linear depend-

AMA Conferences 2015 — SENSOR 2015 and IRS? 2015

DOI 10.5162/sensor2015/B4.1

S S
ittt =
TUTS

e e

Fig. 2. Optical properties of metamaterials for
simultaneous electric and magnetic resonances.
a) Normalized electric field and b) magnetic field.
c) Surface current density. d) Time averaged energy
flow defined by the Poynting vector.

ency on the resonator radius ranging from 200 to
600 nm with FWHM values of 100 and 700 nm,
respectively.

Fig. 3 b) presents the calculated absorption
properties for varying dielectric thicknesses
between 10 and 210 nm, while all other
parameters remain constant: resonator radius
and height, bottom metal and substrate
thicknesses, and unit cell length are 525 nm and
50 nm, 50 nm and 250 nm, and 2,1 pm,
respectively. A change in the dielectric thickness
influences primarily the inductance or magnetic
resonance, and thus, the effective magnetic
permeability of the absorber system. A varying
dielectric thickness also affects the capacitive
coupling to the bottom metal layer, i.e. it changes
the effective permittivity, but in a less pro-
nounced manner. Basically, lower layer
thicknesses result in higher capacity and lower
inductance of the system and vice versa. The
resonance frequency remains constant at a
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resonance wavelength of 4.5 ym in a broad
thickness range of 70-210 nm (Fig. 3 b)). This
behaviour reflects the relation of the resonance
frequency (w,) to the capacitance (C) and
inductance (L) of the structure, which can be
considered as an undamped resonant circuit:

wy = 1/VLC (1)

For dielectric thicknesses below 70 nm, there is
a significant red shift of the resonance along with
a reduction in the amplitude, which is character-
istic for a damped resonance. At this dimen-
sions, the size effect becomes more important,
and an additional inertial inductance (L;) occurs
[17]. The contribution of the inertial inductance
and the geometrical inductance (L) to the total
inductance (L =Ly + L;) of the structure are
related to the layer thickness and determine the
damping of the resonance. Due to the additional
losses, the magnetic resonance frequency does
not solely scale up with the geometrical
inductance (Ly). By introducing an effective
damping factor to eg. (1), both, a shift of the
resonance frequency and a reduction of the
amplitude can be explained. The calculations
show, that the amplitude reaches its maximum
value of 0.96 at a dielectric thickness of 110 nm
and decreases for larger and smaller layer
thickness values similar to a negative parabolic
function. The absorption remains within the
range 90-130 nm around 0.9. The FWHM value
of about 475 nm is lowest at a thickness of
110 nm and it remains within the range of 90 -
130 nm almost constant. Smaller or larger layer
thicknesses result in a FWHM increase up to
950 nm.

In a PMA, the layer thickness of both the
resonator and the bottom metal needs optimi-
zation. The penetration depth of an electromag-
netic wave into a metallic layer and, thus, the
transmission T(w), is determined by the wave-
length dependent skin effect. If the thickness of
the bottom layer is smaller than the skin depth,
image charges are not effectively formed in the
bottom metal layer, deteriorating the magnetic
resonance. This also implicates a dielectric
dipole resonance without a proper impedance
matching. Therefore, an effective energy
transfer is hindered and unwanted reflections
might occur [6]. The resonator (bottom layer)
thickness range of 30 to 150 nm (30 to 200 nm)
was analyzed. The results shown in Fig. 3 c) are
525 nm radius, 110 nm dielectric height, 250 nm
substrate height and 2.1 pm unit cell length. For
all investigated thickness permutations, the
absorption remains always larger than 0.9 and
reaches the near unity absorption value of 0.995
for the pair combination of 50 nm resonator
thickness and 150 nm bottom metal thickness.
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Fig. 3. Numerical calculations of absorption spectra
for varying a) resonator radius, b)  dielectric layer
thickness and c) resonator (hre) and bottom metal
(hbm) thickness

The position of the resonance peak remains
constant for all combinations. The FWHM has a
slightly oscillatory behavior within the range of
495 + 25 nm.

Thermal detectors are capped e.g. by insulating
layers such as SiO2, SisNx or conductive Au
layers. Their influence on the absorption of
integrated metamaterials is also investigated in
the simulation model (Fig. 1). In all simulations
up to here, a SiO2-substrate of 250 nm was
assumed. SiOz-thickness variations up to 3 ym
show no noticeable changes in the absorption
behavior (data not shown). In the case of a gold
passivation layer variation (30 to 200 nm), a
slightly decreased absorption within the range of
50 and 110 nm from near unity to 0.95 could be
observed. Since the transmission T'(w) in this
metamaterial structure is negligible, the marginal

254



2]
—

-

=)

Trilayer

=
]

Absorption

T
=
™

0
—

Absorption

3 4 5 6 7
Wavelength [um]

o
——

T
s
©

o
£
2
S
04 2
=<

T
e
4

Absorption

DOI 10.5162/sensor2015/B4.1

Fig. 4. Multilayer absorption spectra for a a) trilayer, b) 1-stack and c) 2-stack system. b2) Electric and magnetic
field in the absorber at different resonance wavelengths related to absorption spectra shown in b1). d) Multiband
absorber based on a modified 1-stack absorber. The insets show the specific stack configurations

absorption deviations can be explained by
changes in the image charge formation in the
bottom layer and energy flow direction affected
by the conductive Au layer.

The areal density, i.e. resonator base surface
area compared to the elementary cell base
surface area, affects the absorption. An areal
density of more than 50 % is required for high
absorption values, while a decreasing
absorption is observed for smaller values (data
not shown). Similar to previous studies [9, 10],
there is no indication of coupling between the
absorber elements down to a lateral absorber-to-
absorber distance of 600 nm. One reason could
be the short-range nature of the concentrated
field distribution along the x-axis at resonant
frequency (Fig. 2 a) & b)). Coupling phenomena
occur at smaller distances. This is demonstrated
in Fig. 4. Coupling phenomena appear in
multilayer systems if additional dielectric/metallic
layers are stacked on top of the resonator disc.
These disc-shaped, alternating dielectric-
metallic layers have thicknesses of 50/100 nm,
respectively. Note that an n-stack system
represents the trilayer system with n additional
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AIN/Al-stacks on top of the resonator. The
following simulation parameters remain constant
during the calculations: resonator radius and
height, dielectric, bottom metal and SiO2-
substrate height are 500 nm and 50 nm, 115 nm,
150 nm, 250 nm, respectively. The absorption
spectrum of a O-stack system in Fig. 4 a)
corresponds to the trilayer system at resonance
frequency and serves here as a reference.
Characteristic for the absorption behavior of a
1-stack system is a spectral peak broadening.
This peak broadening from 650 nm to 1050 nm
is attributed to the excitations of a second
resonance at 4.85 um and its superposition with
the absorption peak at 5.2 ym of the trilayer
(Fig. 4 b1)). The absorption peak at 4.85 pym
results from a resonant coupling of the incident
light solely in the upper stack, which is indicated
by the concentration of the electric and magnetic
field in the upper circular dielectric layer
(Fig. 4 b2)). At the wavelength of 5.2 ym both
fields are dominantly localized in the dielectric of
the trilayer. The difference in the excitation
frequency arises from lateral geometrical
differences. The reduced metallic area in the first
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stack might result in confined surface currents
leading to two different effective permittivities
and permeabilities. In a 2-stack system both, the
electric and magnetic fields are concentrated in
the dielectric layers of the first two stacks (Fig. 4
b2)). Since the two stacks hold the same
geometry, the two resonances seem to merge to
only one absorption peak, while the spectral
broadening remains the same. Simulation
results for 3-stack systems revealed similar
absorption properties.

A modified design of the shown 1-stack system
was realized as a wavelength selective “perfect
multiband absorber” (Fig. 4d)). The tailored
radius of the top disc is 350 nm, while the radius
of the underlying dielectric and metallic layer is
575 nm. Except of the radii, all other parameters
remain identical. In accordance to Fig. 2 a), two
absorption peaks appear at a resonance
wavelength of 3.0 um and 5.0 ym for absorber
radius 350 nm and 575 nm, respectively,
although the disks are stacked in this case. The
absorption for both spectral bands reaches
values very close to unity (>99,9 %). The electric
and magnetic resonance properties display
similar characteristics as the unmodified 0-stack
metamaterial structure.

Conclusion

Micron-sized composite structures consisting of
aluminum and aluminum nitride layer stacks
have been investigated as potential wavelength-
selective absorbers for thermal detectors by
numerical simulations. Electric and magnetic
resonances are optimized by tuning the
geometrical parameters of the absorber
elements, resulting in near unity absorption. The
circularly  patterned resonator  structures
implicate polarization-independent absorption
properties. The integration of metamaterial
structures in thermal detectors has been
addressed by the implementation of typical
passivation layers in the simulation model. No
significant influences on the absorption
properties could be observed. More complex
metamaterials consisting of patterned multilayer
resonators show a spectral broadening of the
absorption peak due to additional resonances in
close proximity to each other. Multilayer
structures of different sized resonators were
designed, which can be utilized as multiband
PMA. Experimental realization and spectro-
scopic characterization of the presented meta-
material structures are part of current investiga-
tions.
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