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ABSTRACT: We propose a combined fabrication method of
reactive ion etching and large-scale colloidal mask to fabricate mid-
infrared metamaterial perfect absorbers using aluminum—aluminum
oxide-aluminum trilayers. The absorptivities of the fabricated
samples reached as high as 98% and the absorption bandwidths
were comparable to those of the absorbers based on gold or silver.
Following Kirchhoff's law, their emission spectra exhibited sharp
single emission peaks indicating high potential as narrow-band
infrared emitters. The results obtained here demonstrate that earth-
abundant aluminum is a high-performance plasmonic materials in
the mid-infrared range, and open up a route for fabricating cost-
effective scalable plasmonic devices such as efficient light harvesting

structures, thermal emitters, and infrared sensors.
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Radiative heat transfer and thermal absorption have become
of serious importance in modern microelectronics
technology. Ranging from heat sinks and radiators in
computers, infrared gas sensing to thermophotovoltaics, there
are a number of demands for improving the thermal
absorptivity and emissivity. Among many efficient heat
absorbers, artificial subwavelength structures made of metals,
known as plasmonic metamaterials, have gained much attention
because they allow light harvesting and manipulation in deep
subwavelength scale. With appropriate metamaterial designs
they can exhibit nearly 100% narrow- or broad-band absorption
at desired wavelength with wide tunability,'"® which are so-
called perfect absorbers (PAs). Perfect absorbers have found a
wide range of applications in photonics and optoelectronics
such as light emitting devices,'™"° plasmonic refractive index
sensors,'® surface-enhanced infrared absorption spectrosco-
py,"”'* and CO, sensors,” to name a few.

According to Kirchhoff's law of thermal radiation, an
absorber can emit thermal radiation at the same wavelength
of its absorption spectrum when it is heated. Narrow-band
selective thermal radiation in the infrared (IR) region is
expected to be utilized for various applications such as
thermophotovoltaics**>* and nondispersive infrared (NDIR)
spectroscopy.”® Various periodic structures using different
materials have been demonstrated as narrow-band thermal
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emitters, which include devices based on photonic crystals,”* >

plasmonic grating surfaces of tungsten’” or steel,”® and hole
arrays of Ag—SiO,—Ag”® Among the structures mentioned
above, patterned plasmonic metal—insulator—metal (MIM)
structures have attracted tremendous attention recently for
selective thermal emitters'>™">'® due to their excellent
controllability and the ease of fabrication.

With regard to plasmonic materials, gold (Au) and silver
(Ag) are the two most widely used materials in the visible
(VIS), IR, and even terahertz (THz) regions. Aluminum (Al) is
known to be an excellent plasmonic material whose
nanostructures can give plasmon resonances from the deep
ultraviolet (DUV) to the VIS region.’*** In the IR region, Al
shows higher losses than Au and Ag but it still exhibits excellent
metallic response indicating its high potential as a typical free-
electron metal for IR plasmonic devices.”>*® Because of its
natural abundance, easy handling, and workability, Al can be an
excellent candidate for IR plasmonic devices.

In this work, we developed a facile fabrication method using
colloidal masks to fabricate large-scale MIM perfect absorbers
in the middle IR (MIR) region. The aluminum perfect
absorbers (Al-PAs) were simulated by rigorous coupled-wave
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Figure 1. (a) Schematic design of the Al-PA with definitions of geometrical parameters: periodicity p, diameter of Al disk resonator d, and insulator
thickness t. The incident electromagnetic fields propagate along the —z-axis and the electric field is polarized in x direction. (b) Simulated spectra of
an Al-PA with p = 4.4, d = 3.3, and t = 0.2 um. The absorptivities of the two resonance peaks at 4.16 ym (M,) and 8.65 um (M,) were 97.2 and

99.9%, respectively.

analysis (RCWA) to optimize the geometry parameters. The
designed structures were fabricated by choosing the polystyrene
(PS) sphere size for the masks and controlling the etching time
in the colloidal lithography. The fabricated Al-PAs showed
excellent agreement with the RCWA simulations and exhibited
near perfect absorption (ca. 98%) with narrow bandwidth
(fwhm < 0.75 um), which are comparable to the structures
made of Au or Ag. The resonant wavelengths were readily
tuned from 3 to 9 pm by adjusting the geometrical parameters.
By moderately heating up the Al-PAs, narrow-band thermal
emissions at their corresponding absorption bands were
observed. The use of cost-effective Al as a plasmonic material,
together with the simple fabrication technique developed in this
work, will greatly expand the possibility and applications of
plasmonic devices in the IR region, which are not limited to
absorbers or emitters.

B RESULTS AND DISCUSSION

Proposed Structure. Our proposed AI-MIM structure is
shown in Figure la: a hexagonal array of Al disk resonators is
placed on the top and an Al film separated by an Al,O,
insulator is placed at the bottom. The Al film is chosen to have
a thickness of 0.1 ym to eliminate transmission of infrared
radiation through the structure, and it also serves as a joule
heater when current is applied to study thermal emissions from
the sample. In the present Al-PA devices, the thickness of Al
disk resonator was fixed at 0.1 ym, and the resonant wavelength
and absorptivity of the MIM structure are controlled by tuning
the periodicity p, the diameter of Al disk d, and the thickness of
the insulator t. For example, Figure 1b shows the simulated
spectra of an Al-PA structure with its parameters of p = 4.4 ym,
d = 3.3 ym, and t = 0.2 ym. The absorptivity at wavelength 4 is
given by A(4) = 1 — R(4) — T(4), where R(4) and T(A) are the
reflectance and transmittance of the structure, respectively.
Since the transmission of the Al-PA structure is almost zero, the
absorptivity of an Al-PA is simply given by A(1) = 1 — R(A).
The proposed structure has two narrow resonance bands, a
short-wavelength resonance indicated as M, at 4.16 ym with an
absorptivity of 97.2%, and a main long-wavelength resonance
indicated as M, at 8.65 ym with absorptivity up to 99.9%. It
should be noted that Al has relatively high losses in the VIS to
NIR region, which are the drawbacks in plasmonic applications.
On the other hand, it has excellent metallic response in the IR
region with larger negative real part of permittivity than Au, Ag,
and tungsten (W; Supporting Information, Figure S1a).*7®
This indicates that, in the IR region, high losses in Al can be
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compensated by the metallic response and Al can be a material
of choice for thermal absorbers and emitters. For comparison,
simulations of the absorptivity of Au, Ag, and W were also
performed and shown in the Supporting Information, Figure
S1b. The results indicate that perfect IR light absorption can be
achieved with Al and W, which are known to be less
advantageous in the VIS region for plasmonic applications. In
spite of the expected advantage of using Al in the IR region,
however, applications of Al structures for PAs are rather limited
so far.’53¢

Optical Properties. To elucidate the optical properties of
the Al-PA, further simulations were performed as shown in
Figure 2. The resonant wavelengths of the Al-PA continuously
shift as the diameter of the Al disk (Figure 2a) or the
periodicity varies (Figure 2b). As we can see in Figure 2a, with
the periodicity p and insulator thickness t fixed at 4.4 and 0.2
um, respectively, M, gradually increases with increasing the
diameter of the Al disk, while M, is hardly dependent on the
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Figure 2. Simulated optical properties of the designed Al-PAs. (a) The
dependence of resonance wavelengths on the Al disk diameters in the
Al-PAs. The periodicity of the AI-PA was fixed at 4.4 ym. (b) The
periodicity-dependent resonant wavelengths of the Al-PAs. The disk
diameters of the Al-PAs were fixed at 3.3 ym. (c—e) Electromagnetic
field distributions in Al-PA structure under polarized excitation at
magnetic resonance at 8.65 m. The electric fields propagate along —z-
axis and oscillate in x direction. The amplitudes of the electric and
magnetic incident fields were normalized to 1. White arrows in (d) and
(e) illustrate the charge motions in top and bottom Al layers.
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Figure 3. (a) The simulated resonant wavelengths at magnetic mode with perfect absorption ranging from 0.5—9 pm by varying the diameter of Al
disk with suitable periodicity, p (or suitable PS spheres with variable diameters ranging from 0.2 to 4.4 ym) and insulator thickness. (b) The
simulated dependence of the absorptivity on the insulator thickness (p = 4.4 ym, d = 3.3 um). The dashed oval shows highest absorption efficiency

near 100% corresponding to the insulator thickness of about 0.2 ym.

diameter of Al disk d when d is small compared to the resonant
wavelength at M;. When d is comparable to the resonant
wavelength at M;, M, becomes slightly dependent on the Al
disk diameter d. In contrast, opposite behavior is observed for
the effect of the periodicity. As shown in Figure 2b, M, shows
little dependence on the periodicity, while M, gradually shifts
toward longer wavelength when the periodicity increases. In the
AL-PA, M, is related to surface plasmon (SP), photonic mode
coupling (or delocalized plasmon),*” which strongly depends
on the periodicity of the structure. On the other hand, M, is
related to the localized surface plasmon (LSP) resonances,
which are strongly dependent on the diameters of the Al disks.
At M,, the dipole oscillation of the free electrons in the top Al
disk resonator induces an antiparallel dipole oscillating in the
bottom layer, resulting in the formation of an electric current
loop to effectively induce a magnetic dipole. Thus, this type of
resonance is often referred to as the “magnetic mode”.

To further verify the underlying absorption mechanism of
these two resonance modes, we performed simulations to
visualize the electromagnetic field distributions, as shown in
Figure 2c—e at 8.65 pm. The geometrical parameters chosen in
the simulation were p = 44 um, d = 3.3 ym, and ¢t = 0.2 pm.
The incident electric and magnetic field amplitudes were
normalized to 1. The electric field E, is enhanced up to 26X
(Figure 2c) and located at the edges of the Al disks, while the
magnetic field induced by the electric loop current resides
inside the insulator layer (Figure 2d). The induced electric field
E, clearly indicates that these “magnetic hot-spots” are
associated with the looplike nature of the charge motion
(Figure 2e). As a comparison, the field distribution of the SP-
photonic coupling mode is shown in Figure S2 in the
Supporting Information. Note that its absorptivity can be
easily reduced by the presence of defects and imperfection in
periodicity.

We further simulated the dependence of the resonant
wavelengths on the resonator thickness (Supporting Informa-
tion, Figure S3a) and on the incident light polarization
(Supporting Information, Figure S3b). The thickness of the
Al disk resonator does not affect M, and M; modes very much
(except slight red-shifts) provided that the thickness is larger
than 50 nm. Their resonant wavelengths stay unchanged with
polarization changing from 0 to 90°, which is beneficial to
working with unpolarized light including sunlight.

As we described above, the resonance wavelength of the M,
mode is strongly dependent on the diameter of the Al-disk
resonator. Here, the detailed analyses of this tunability ranging
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from 0.5—9 pym are shown in Figure 3a. The thickness of the
bottom Al film was fixed at 0.1 ym and the thickness of Al disk
resonators were 0.1 ym for IR range and 0.04 ym for VIS range.
The absorptivity of the Al-PAs can be optimized by tuning the
thickness of the insulator, which is demonstrated for M, mode
in Figure 3b (p = 44 pm, d = 3.3 ym). Thus, by choosing the
suitable periodicity (by choosing the PS sphere size), tuning the
Al disk diameters and optimizing the insulator thickness, we can
tune the resonant wavelength of the magnetic mode in a wide
range from VIS to MIR (Figure 3a). For example, a perfect
absorption at 6.8 um can be achieved by choosing the
periodicity, Al disk resonator, and insulator thickness to be 3.0,
2.1, and 0.1S5 pm, respectively.

Fabrication Method. We realized large-scale IR plasmonic
Al-PAs by combining colloidal lithography with reactive ion
etching (RIE) technique. Colloidal lithography*>*" is a simple
but versatile and inexpensive technique to fabricate large-scale
periodic structures without using expensive lithography
processes. Colloidal spheres with size ranging from several
hundreds of nanometers to several microns are commercially
available, facilitating tenability of the structures. Quite recently,
Walter et al. have reported the combination of colloidal
lithography and RIE technique using selective incorporation of
a sacrificial Ni layer to fabricate random Au disks for NIR
perfect absorption.** Here we employed an etching process
twice and we can keep close-packed periodicity. The detailed
step-by-step fabrication in the present work is shown in Figure
4. First, an Al—Al,O;—Al trilayer was sputtered on a Si

S, -

Figure 4. Illustration of the fabrication process. (a) Sputtered Al—
ALO;—Al film on a Si(100) substrate. (b) Self-assembled monolayer
of PS spheres in close-packed hexagonal array. (c) Shrunk PS mask
after the RIE process with oxygen. (d) Final structure of the device
after RIE of the Al top layer and removal of the PS mask.
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Figure S. (a—c) 30° titled-view SEM images of three fabricated Al-PAs with their resonances as designed: (a) S1 (p = 1.1 ym, d = 0.7 ym, t = 0.0S
pum) at 2.85 um, (b) S2 (p = 3.0 um, d = 1.7 pm, t = 0.15 pm) at 5.67 um, and (c) S3 (p = 4.4 pum, d = 3.3 pym, t = 0.2 um) at 8.65 um. (d) Typical
defects of the fabricated samples. The inset in (b) is a photograph of a fabricated Al-PA of 2 X 3 cm® The scale bar is S ym in each image. (e, f)
Simulated and measured reflectance spectra of sample S1, S2, and S3 shown in (a—c).

substrate with the optimized thickness as discussed in the
previous section (Figure 4a). The layered film was then coated
with a monolayer of PS spheres to form a close-packed
hexagonal array (Figure 4b). The size of the PS mask was
reduced by the RIE process using oxygen gas (Figure 4c).
Then, Al disk resonators were formed by milling the PS-masked
Al top layer with a mixture of BCl; and Cl, gases, and finally,
the PS mask was removed (Figure 4d). The resonance of the
Al-PA can be precisely tuned by changing the size of the PS
mask with accurate control of the etching time (Supporting
Information, Figure $4).

Fabricated Samples. Following the design principle shown
in Figure 3, we fabricated a series of Al-PAs with resonant
modes in the IR region. Figure Sa—c shows 30° titled-view
SEM images of three fabricated Al-PAs. Figure 5d exemplifies
some typical defects incorporated during the deposition of the
colloidal masks, including dislocation, vacancy, and grain
boundary defects. The inset in Figure Sb shows a photograph
of a typical Al-PA sample fabricated on a 2 X 3 cm” substrate.
The periodicity p, Al disk diameter d, and thickness of Al,O,
insulator were optimized to realize narrow-band resonances at
2.85 pm (sample S1: p = 1.1 ym, d = 0.7 pm, t = 0.05 ym), at
5.67 ym (sample S2: p = 3.0 ym, d = 1.7 ym, t = 0.15 um), and
at 8.65 yum (sample S3: p = 4.4 pum, d = 3.3 pym, t = 0.2 ym).
Figure Sef shows the simulated and measured reflectance
spectra of the three fabricated samples. The experimental
results were in very good agreement with the simulation results,
where the magnetic mode M, shows as high absorptivity as 98%
with a narrow-band of 0.75 pm (full width at half-maximum).
The SP-photonic coupling mode M; at 4.16 ym (sample S3)
shows near 100% absorptivity in the simulation, but the
experimental counterpart shows a lower absorptivity of 68%
due to the lattice imperfections, as shown in Figure Sd (SP-
photonic coupling modes of samples S1 and S2 are not shown).
The fabricated Al-PAs exhibit high absorptivity in a wide-range
incident angle as we can see in both simulation and
measurement (Supporting Information, Figure SS). The main
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magnetic mode M, shows no incident angle dependence, as this
mode assumes a localized cavity-like nature within the disk,
while the M; mode assumes a polaritonic wave-like nature
along the surface and shows strong incident angle dependence.

Selective Thermal Emitters. In this section, we discuss the
thermal radiation from the Al-PAs. We designed four Al-PAs
whose resonant wavelengths are at 6.73 ym (S3a), 7.46 um
(S3b), 8.15 um (S3c), and 8.65 ym (S3d). All the samples were
fabricated using 4.4 ym PS spheres to have the same periodicity
of 4.4 ym. Figure 6a shows the simulated reflectance spectra of
the Al-PAs with absorptivity higher than 96%. The Al-PAs were
fabricated on 0.5 X 3 cm® Si substrates (Supporting
Information, Figure S6a—e). Figure 6b shows the measured
reflectance spectra of the fabricated devices. The measured
spectra show near-100% absorptivity at the magnetic resonance
modes M,, which excellently match to the simulated results. In
contrast, the measured spectra of SP-photonic coupling modes
M, show lower absorptivities compared to simulations, which is
due to the lattice imperfection as discussed above. To
characterize the thermal radiation of Al-PAs, DC currents
were applied to resistively heat the bottom Al layers of the
samples, and the emission spectra were collected by an FT-IR
spectrometer (see schematic in the Supporting Information,
Figure S6f). Figure 6¢c shows the normalized emission spectra
of the Al-PAs moderately heated at 250 °C in ambient air. The
wavelengths of the selective thermal emissions were identical to
the absorption wavelengths, which clearly follows Kirchhoff’s
law of thermal radiation. The bandwidths of the emission peaks
were slightly broader compared to those reflectance dips, which
might be caused by the thermal expansion and phonon
excitations of the insulating layer and Al disk resonators. It
should be noted that a quasi-monochromatic thermal emission is
realized at the wavelengths of magnetic M, modes as the
maximum intensity in the blackbody radiation lies in this
wavelength region around 100—300 °C (Supporting Informa-
tion, Figure S7). Our experimental results demonstrate the
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Figure 6. (a) Simulated and (b) measured reflectance spectra of the
samples S3a—d. (c) Emission spectra of samples S3a—d heated at 250
°C. The peak positions of the emissions match to the dips in
reflectance spectra.

tunability of the narrow-band thermal emission by tuning the
diameter of the Al disk resonators.

B CONCLUSION

We demonstrated the use of Al for plasmonic perfect absorbers
and emitters in the mid-infrared region. For this purpose, we
developed a method which combines colloidal lithography and
RIE as a flexible and versatile method for fabricating large-scale
samples on the order of square centimeters. The simulations
showed that the MIM Al-PA with hexagonally arranged Al disks
exhibited two narrow-band resonances and high absorptivity.
The short-wavelength mode M, is attributed to SP-photonic
coupling and is strongly dependent on the periodicity. The
long-wavelength M, mode is magnetic resonance and is
strongly dependent on the diameter of the Al disk resonator
but is hardly dependent on the periodicity. The fabricated Al-
PAs devices showed narrow absorption bands ranging from 3 to
9 pm, with absorptivity up to 98%. As thermal emitters, the Al-
PAs exhibited single-peaked quasi-monochromatic emissions.
Although we only demonstrated perfect absorptions and
selective thermal emissions, the potential applications of Al-
PAs in MIR include, but not limited to, wavelength-selective IR
photodetectors, surface-enhanced IR absorption spectroscopy,
IR surface plasmon resonance (IR-SPR) sensors, thermopho-
tovoltaic, and heat energy harvesting devices.

B METHODS

Simulations. The RCWA technique was employed to
calculate the spectra of Al-PAs (DiffractMOD, RSoft). The
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electromagnetic fields distributed around Al-PAs were calcu-
lated using the finite-difference time-domain (FDTD) method
(Full WAVE, RSoft). The dielectric functions of Al, Au, Ag, W,
and Si were taken from the literature,*® and the dielectric
function of AL,O; was taken from literature.’” The model of Al-
PAs device was performed in a cad layout (RSoft CAD), with
the unit cell as shown in Figure la. For both RCWA and FDTD
simulations, the excitation electromagnetic field propagates
along the —z-axis and the electric field oscillates along the x-
axis. The index resolution and grid size in the RCWR and
FDTD simulations were set to 10 nm.

Al-PA Sample Fabrication. The Al—Al,O;—Al films were
deposited on top of Si(100) substrates using DC and RF
sputtering methods (i-Miller CFS-4EP-LL, Shibaura). The
thicknesses of the films from bottom to top were 0.1, 0.05—0.2
pum (depends on the design), and 0.1 um, respectively.
Polystyrene (Polybead Polystyrene Microspheres - Polyscien-
ces) spheres with suitable sizes were used for coating a
monolayer on top of sputtered Al—Al,O;—Al films. In brief, the
Al—Al,0;—Al films on Si substrates were placed in a plastic box
placed with a 10° tilted angle. The plastic box was then filled up
with deionized water. A monolayer of PS spheres was created
on the water surface by using a glass slide tilted at 30°. Finally, a
monolayer of PS spheres was formed on the layered Al—
Al,O;—Al films by using a micropump to drain the water in a
plastic box. The size of the PS mask was reduced by RIE
technique using oxygen gas (20 sccm, APC pressure 1 Pa,
antenna RF power 200 W, bias RF power S W, Ulvac CE-300I)
which gives the etching rate of 3.1 nm/second (Supporting
Information, Figure S3). The diameters of Al disk resonators
were well-controlled by controlling the size of PS masks. The Al
disk resonators were obtained by etching the top Al layer
masked by the PS layer at an etching rate of 0.82 nm/second
(dual-gases BCl;/Cl,, 3/3 sccm, APC pressure 0.15 Pa, antenna
RF power 50 W, bias RF power 10 W, Ulvac CE-300I). The
MIM AI-PAs were finally formed by removing the PS masks
and carefully cleaning with toluene and methanol. In the
thermal emitter application, a 0.1 pm thick Au film was
thermally deposited at the two ends of the samples as two
contacts.

IR Spectroscopy of Al-PAs. The reflectance spectra of the
Al-PAs were taken using a Fourier transform infrared (FTIR)
spectrometer (Nicolet iSSOR FT-IR Thermo Scientific) with a
liquid-nitrogen-cooled mercury cadmium telluride (MCT)
detector and a KBr beam splitter. A 0.1 ym Au film deposited
on Si substrate was used as the reference. To measure the
emission spectra, the AI-PAs fabricated on 0.5 X 3 cm” Si (100)
substrates (Supporting Information, Figure S6) were heated by
applying a sufficient DC current in the Al film through Au
contacts. The temperatures of the AI-PAs emitters were
measured using a thermocouple and controlled by changing
the applied current. Then the thermal radiation from Al-PA
emitters were collected by the FTIR spectrometer equipped
with two concave Al mirrors.

B ASSOCIATED CONTENT

© Supporting Information

Contains simulated optical properties, fabrication procedure,
and measured optical spectra of the Al-PAs. The Supporting
Information is available free of charge on the ACS Publications
website at DOI: 10.1021/acsphotonics.5b00195.
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