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Abstract: A broadband plasmonic metamaterial absorber with near perfect multiband absorption
in the infrared region is designed using a metal-insulator-metal configuration and fabricated
using photolithography. The metal-insulator-metal configuration consists of a Ti microdisk array,
a SiO; insulator spacer, and an Al bottom layer. The multiband absorption occurs with near
perfect absorption at 4.8—7.5 pym and 9.7-10.5 um. Ultra-broadband absorption in the mid-IR
wavelength range between 3—14 pm is realized by adding a rough photoresist layer on top of
the periodic microdisk structures. The multiband absorption is achieved through the combined
mechanisms including plasmonic surface lattice resonance, gap plasmon resonance, Fabry-Perot
cavity resonance, and the intrinsic phonon-polariton absorption of SiO;.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Plasmonic metamaterial absorbers (PMAs) enable designer light absorption with subwavelength
thickness that goes beyond materials’ intrinsic absorption [1-3]. The ability to control absorption
and thermal radiation is integral to many applications, e.g., photovoltaics, solar energy generation,
thermophotovoltaics, thermal imaging, infrared spectroscopy, and sensing [1-7]. For reciprocal
materials with symmetric permittivity and permeability tensors, absorptance and emittance of ther-
mal radiation are equivalent according to Kirchhoff’s law of thermal radiation [2]. Consequently,
PMAs that absorb/emit light strongly within the infrared (IR) enable daytime radiative cooling
[8], enhanced photovoltaic cell efficiency [6], radiative cooling based thermoelectric generation
[8], and subfreezing passive radiative cooling [2]. Previous PMA designs have been demonstrated
using different structures [9-15]. However, a multilayer metal-insulator-metal (MIM) structure is
most commonly used due to its thin and simple design [6,16]. The MIM structure usually consists
of a top metal layer of periodic nano/micro-structures, a middle insulator spacer layer, and a
bottom metal layer acting as a perfect reflector. By designing the MIM structures, different light
absorption mechanisms were utilized including: localized electromagnetic dipole resonances
[1,17-19], resonant excitation of propagating surface plasmon polariton [20-22], gap plasmon
resonances [23-27], localized surface plasmon polariton resonances [28—30], and total internal
reflection of the MIM by utilizing 3D nanoparticles [31]. Previous works each mainly relied
on a single absorption mechanism to achieve broadband IR absorption e.g., using multi-sized
microstructures with different resonance wavelengths [30,32,33], or using stacks of absorber
[9,34,35], pyramids [14,19], and asymmetric designs [17,29].

In this paper, a broadband MIM-based PMA is presented with near perfect multiband absorption
in the IR. Instead of using multi-sized disks or stacks, the multiband absorption is realized by
implementing multiple absorption mechanisms including plasmonic surface lattice resonances,
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gap plasmon resonances, Fabry-Perot cavity resonances, and intrinsic material absorption in a
single MIM design. By taking advantage of this multiple-mechanism scheme, the absorber is
relatively thin, resulting in a simpler fabrication process. Consequently, a near perfect multiband
absorption over 90% is realized at 4.8—7.5 pm and 9.7-10.5 pym. An ultra-broadband absorber
(3—14 um) is achieved by using an additional rough photoresist layer of Poly(methyl methacrylate)
(PMMA) which creates additional absorption modes and broadens the absorption waveband.

2. Design and simulation

The MIM design, shown in Fig. 1, consists of a top layer of titanium (Ti) microdisk array, a
spacer layer of SiO», and a bottom layer of aluminum (Al) on a glass substrate. Unlike previous
designs using Au [36] or Ag [37] as the top metal layer, Ti is used due to its higher optical losses
in the IR, corrosion resistance, and wide spread use in industry. The Ti microdisks are 30 nm
thick with a period and diameter denoted as P and d, respectively. SiO; is used as the insulator
layer due to its intrinsic phonon-polariton absorption in the IR with its thickness defined as .
Al is used as the bottom layer due to its reflective property as a near perfect electric conductor
in the IR and its availability in industry. Al thickness is designed to be 100 nm to ensure zero
transmission in the IR.

Ti

— N\ A

t SiO,

100 nm Al
Glass Substrate

Fig. 1. Schematic of the cross-section view of the proposed MIM-based PMA design.

Finite-difference time-domain simulations were performed to calculate the absorption spectra
of the designed PMA. Figure 2(a) shows the absorption spectrum of the optimized final design
with P=4 pm, d =2 pm, and # = 1 um. The PMA supports multiband absorption in the IR. There
are eight absorption bands with peaks at 4.18 pm, 4.55 um, 5.64 um, 6.74 um, 8.38 um, 10.01 um,
10.87 um, and 12.66 um, which correspond to different absorption mechanisms. We label them
from A-Ito A-VIII, with colors based on their absorption mechanisms namely; plasmonic surface
lattice resonances in red, Fabry-Perot cavity resonances in navy blue, gap plasmon resonances
in orange, and intrinsic material absorption of SiO; in olive-green. To distinguish between the
different absorption mechanisms, we calculated the absorption for each component of the PMA
separately. Figure 2(b) shows the absorption contribution of each component of the PMA, i.e.,
the power dissipated inside each component. Figure 2(c) shows the absorption of a 100 nm Al
on glass, 1000 nm SiO; on 100 nm Al on glass, and Ti microdisk array on glass. Finally, the
absorption of the PMA as a function of 7, P, and d are shown in Figs. 2(d)-2(f), respectively,
while holding all other parameters unchanged.

Figure 2(b) shows that most of the absorption corresponding to A-I, A-II, A-III, A-IV, and
A-VII occurs inside the Ti microdisk layer (blue line), while the absorption corresponding to
A-V, A-VI, A-VII occurs inside the SiO, layer (red line). The Al layer has limited contribution to
absorption in the studied wavelength region (green line). A minor absorption peak near A-II is
observed in both the SiO; and Al indicating that this peak is due to a Fabry-Perot cavity resonance
which naturally leads to absorption in both the metal and dielectric films if the dielectric has
non-zero extinction coefficient [38].
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Fig. 2. (a) Simulated absorption spectrum of the final PMA design with d=2 pm P=4
um, and =1 ym. There are eight absorption peaks which are labeled as A-I to A-VIII with
colors based on their absorption mechanisms; plasmonic surface lattice resonances in red,
Fabry-Perot cavity resonances in navy blue, gap plasmon resonances in orange, and the SiOp
intrinsic material absorption in olive-green. (b) Absorption contributions from each material
in the final PMA. (c) Absorption spectra of 30 nm Ti microdisk array on glass (black), 1 um
SiO; on 100 nm Al (blue), and 100 nm Al (red). (d) Absorption spectra as a function of ¢
with fixed d =2 pm and P =4 ym. (e) Absorption spectra as a function of P with fixed d =2
um and #=1 um. (f) Absorption spectra as a function of d with fixed P=4 um and t=1 um.
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Figure 2(c) shows the absorptance of each element separately which allows us to recognize
absorption mechanisms that does not require synergy between the different elements of our
PMA. The absorption peaks A-I (4.18 pm) and A-III (5.64 um) exist in the isolated 30nm-thick
Ti microdisks array (blue line) arise due to plasmonic surface lattice resonances [39], which
occurs when the array period is comparable to the wavelength so that first-order diffraction of
the periodic structure is in the plane of the array and strongly couples with the localized surface
plasmon polaritons in each microdisk. Among them, A-I and A-III correspond to the diffraction
in air and in the SiO;,, respectively. Both plasmonic surface lattice resonances belong to the first
type, which occurs at a wavelength slightly longer than the diffraction edge of nP for normal
incidence where n is the refractive index of air or SiO, [39]. The absorption spectrum of the
1000 nm SiO; on Al (red line) shows a main peak near A-VI (10.01 um) and two minor peaks at
A-V (8.38 um) and A-VIII (12.66 um), due to the intrinsic phonon-polariton absorption of the
Si0; layer. On the other hand, the absorption bands A-IV and A-VII are not present in Fig. 2(c),
i.e., these resonances are only supported in the MIM structures, indicating that they are due to
the excitation of the gap plasmon resonance.

Figure 2(d) shows the calculated absorption as a function of z. We note that the spectral
location of A-V (8.38 um), A-VI (10.01 um) and A-VIII (12.66 um) are independent of ¢ which
confirms that they appear due to the intrinsic absorption of SiO,. On the other hand, A-II (4.55
um) spectral position redshifts when increasing 7. For a dielectric-metal stack the maximum
absorption wavelength A,y is given by [38]

Amax = 27ngttan | ng % , (1)
no(ny — nuno)

where nq is the dielectric refractive index, np, is the metallic substrate refractive index, ng is the
superstrate refractive index. Accordingly, the red shift in Apn,« as a function of 7 confirms that
A-II absorption band is due to Fabry-Perot cavity resonance mechanism.

Figure 2(e) shows the calculated absorption as a function of P. Changing P mainly affects
the location of A-I and A-III, i.e., the absorption due to plasmonic surface lattice resonance. As
P increases, we see that A-I and A-III A« redshifts, and the absorption-line narrows. These
observations agree with the results obtained previously by Zou et. al. on plasmonic surface
lattice resonance [40,41]. Hence, to maximize the absorption bandwidth based on plasmonic
surface lattice resonance, decreasing the period is necessary. It is interesting to note that the
concept of super-radiance applied to plasmonic nanoantenna arrays predicts a similar behavior,
i.e., that for closely packed plasmonic antennas, the bandwidth of the collective excitation is
inversely proportional to P [42] due to the enhanced radiation efficiency of the antennas which
leads to reduced quality factor [43].

Finally, in Fig. 2(f) we observe a redshift in A-IV and A-VII that only appear for the MIM
structure due to gap plasmon resonance. This is because a gap plasmon resonance occurs due
to Fabry-Perot excitations through multiple reflections at the edges of the MIM structures, here
delineated by the top Ti disk. For gap plasmon resonance [44],

Amax = dngsp ( 2 ) > (2)
mm—
where nggp is the real part of the effective mode index of the gap surface plasmon, m is an integer
defining the order of the gap surface plasmon mode, and ¢ s an additional phase shift acquired
upon reflection at the boundaries of the MIM configuration. Consequently, as we increase the
nanoparticle d, Amax redshifts. We note here that increasing the absorptance of gap plasmon
resonant mode depends on the spacer thickness (i.e., f) as is evident in Fig. 2(d).
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3. Experimental demonstration

The PMA is fabricated and characterized based on the simulated design. Figure 3(a) depicts the
fabrication procedure in seven steps. First, a glass substrate is prepared and cleaned. Second, a
layer of Al with thickness of 100 nm is deposited using electron beam evaporation. Third, a layer
of SiO, with thickness of 1000 nm is deposited onto the Al layer. Then, the sample is spin coated
with a photoresist layer of PMMA. After that, photolithography is used to define the circular
microdisk array on the PMMA. Next, Ti with thickness of 30 nm is deposited using electron
beam evaporation. Finally, the PMMA photoresist and unwanted Ti are removed using lift-off
process. Figures 3(b) and 3(c) show the optical image of the fabricated sample and the scanning
electron microscope (SEM) image of the microdisks, respectively. It is found that the resulting
microdisks are uniform in period P =4 um and size d =2 pm.
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Fig. 3. (a) Schematic showing the seven steps of the fabrication procedure of the PMA.
(b) Image of the fabricated sample. (c) SEM image of the microdisks. (d) Experimental
measurement and theoretical simulation of the reflection spectra for the PMA.

The total reflection of the sample is measured using a Fourier-transform IR Spectrometer with
an integrating sphere accessory. Figure 3(d) shows the measured result (black line) which is
broader and more absorptive than the simulation (red line), particularly for A-III. In experiment,
the absorption is larger than 80% in two broadbands at 4.3—7.65 um and 9.5-11.7 um, and
larger than 90% at 4.8—7.5 um and 9.7-10.5 um. The absorption is broadened by combining the
absorption peaks from A-I to A-IV. The broader absorption in experiment is likely due to the
surface roughness of the top layer Ti microdisks, resulting in a much stronger absorption due to
inducing localized plasmons [45] (see Fig. 6).

The angular dependence of the multiband absorption is also studied, as shown in Fig. 4. The
specular reflectance with different incident angles defined as 6 is also measured from 2.5 um to
16 ym. The results are measured for 8 = 10° to 6 = 70° with 20° intervals. It is shown that the
absorption in broadband remains strong for incident angle 6 < 50°. This result indicates that
the effect of the incidence angle is minimal for the PMA for angles below 6 =50°. A strong
angular dependence is present for incident angles 6 > 50°, which significantly increases for 6
> 70°. There is a blue shift of A-I and A-III due to the shift of phase matching wavelength for
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surface first-order diffraction. The position of other absorption peaks remain mostly constant for
all incident angles.
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Fig. 4. Measured specular reflection of the multiband PMA at incident angles of 6 = 10° to
6 =70° with 20° intervals.

Finally, broader absorption is achieved by leaving some PMMA photoresist on top of the
PMA sample. This is realized by controlling the time of removing the PMMA resist in the
lift-off process. The sample is taken out from the resist removal solution before the resist is fully
dissolved. As a result, a layer of rough PMMA with random thickness is left on top of the PMA,
which helps to broaden the absorption. Another mechanism lies in that PMMA is known to have
intrinsic absorption at 5 um - 10 um. The specular reflectance is measured from 2.5 um to 25 pym
for 6 =10° to § = 70° with 20° intervals as shown in Fig. 5, showing enhanced overall absorption
when adding rough PMMA. Compared to Fig. 4, the absorption peaks from A-I to A-VIII are
still observable in Fig. 5. However, the absorption modes overlap over the entire range from
3 um —14 um. The broadband dependence of @ is similar to the PMA without PMMA where it
is minimal for angle below 6 = 50°. The observed redshift is independent of the incident angle
[25]. Due to this change in refractive index, the PMA can be further broadened [22]. Another
advantage of the PMMA coating is to further protect the microdisk structures from physical
abrasions and damage.
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Fig. 5. Measured specular reflection of the PMA with a thin photoresist layer of PMMA.

Broadband absorption in the IR region have been studied recently using transparent conductive
oxides as top plasmonic materials [46,47]. Although these studies also used a three-layer design,
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the patterned top absorbing materials are very different from our design. Furthermore, the
mechanisms of the broadband IR absorption and the structural dimension of those studies are also
different from ours. In Ref. [46], the authors used Al-doped ZnO as the top absorbing material,
which has broadband absorption in the IR. The broadband absorption was further enhanced by
patterning the Al-doped ZnO film into a square array with a high filling factor. In Ref. [47], the
broadband IR absorption depended on using disordered, densely packed, and titled ITO nanorod
forests as the top absorbing layer. In contrast, the broadband IR absorption in our work is based
on the excitation of multipronged absorption mechanisms, which makes our design having more
controllability on the absorption. For instance, it can be designed to realize selective absorption
as well by tuning the absorption wavelengths of each mechanism. In addition, the absorption is
further broadened by adding a rough PMMA layer. The top Ti microdisks are relatively large in
size and gap, they can be fabricated by photolithography.

4. Conclusion

In conclusion, by utilizing combined mechanisms including plasmonic surface lattice resonance,
Fabry-Perot cavity resonance, gap plasmon resonance, and intrinsic material absorption, a near
perfect multiband MIM-based PMA covering the atmospheric windows in the IR region is
achieved. This allows the absorber to be thinner and simpler for fabrication. Furthermore, an
ultra-broadband absorption from 3 pum to 14 pm is achieved by adding an additional photoresist
layer of PMMA, enhancing and broadening the absorption. This work may lead to further
improvements in various practical applications ranging from sensing, controlled thermal radiation,
thermophotovoltaics, and spectrometry.

Appendix

Fig. 6. SEM image of one of the Ti Microdisks. The surface is quite rough as noted by the
tiny white dots on the disk as well as some remaining photoresist on the top.
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