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A dual-band metamaterial absorber based on nested nanostructures is proposed. Finite-difference time-
domain simulations revealed two resonance absorption peaks with narrow half-widths in the mid-infrared,
with center wavelengths at 3.87 and 4.57 um. The structure exhibited extremely high sensitivity with no po-
larization sensitivity. Triple-band absorption was observed by controlling the thickness of the top pattern
layer. The effects of various metallic materials and geometric structures on the absorption are discussed.
The nested infrared-absorbing structure has potential applications in sensors and detectors. Furthermore,
multiple absorption peaks via thickness changes provide a theoretical basis for future research on multi-
band absorption.
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Ilpeonooicen 08yX30HHbII NO2TOMUMENL U3 MEMAMAMEPUANA HA OCHOBE BNIOMCEHHBIX HAHOCHMPYKMYP.
Mooenupoganue ¢ uchonb308aHuem Memooa KOHEYHbIX pA3HOCMEl 60 BPEMEHHOU 00AACmU BbIAGUNLO 084 NU-
Ka pe30HAHCHO20 NO2NOWeHUsl ¢ Y3KOU NONywupunou 8 cpeonei MK-obnacmu ¢ yenmpaibHulMu OIUHAMU
goan 3.87 u 4.57 mxm. Cmpykmypa nokasaia 4pe3euluaiiio 6blCOKYI0 4YECMEUMENbHOCHb 8 OMCYMCmaue
noaspusayuonnoll yyecmeumensrHocmu. TpexnonocrHoe noznowenue HAOMOOANU, KOHMPOAUPYS MOTUWUHY
sepxnezo cnos pucynka. Qbcyscoaemes GruAHUE PATUYHBIX MEMALIUYECKUX MAMEPUAnos U eomempuye-
CKUX cmpykmyp Ha noenowjenue. Broocennas cmpyxmypa, noenowarowas UK-usnyuenue, modicem uatimu
npumeneHue 8 0amyuxax u oemexmopax. Muooicecmeentvie NUKU NO2NOWEHUS NPU USMEHEHUU MOTUUHDL
obecneuusarom meopemuiecKyio 0CHO8y 05l UCCI008ANHUL MHOZONOLOCHO20 NO2TOWEHUSI.

Knrouesvie crosa: osyxouanazonnviii memamamepuan, cpeonuii MK-ouanazon, pesonamop @adpu—Ilepo.

Introduction. Artificial metamaterials (MMs) have been receiving considerable attention because of
negative refractive indices [1], perfect light absorption [2], and extraordinary optical transmission [3]. In par-
ticular, a MM perfect absorber (MMPA), which was first demonstrated by Landy et al. [4], exhibits high ab-
sorption characteristics, tunable resonant frequencies, and high Q-factors. Normal absorption is based on ma-
terial characteristics, while a MM structure is a sub-wavelength specific resonator [5]. High absorption has
been demonstrated for radio waves [6], microwaves [7], millimeter-waves [8], terahertz frequencies [9], and
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various infrared bands [10—12]. Because of their approximately unity absorbance, MMPAs have become at-
tractive for optoelectronic applications, such as detectors [13], emitters [14], imaging equipment [15], and
solar cells [16]. Infrared detectors based on MMs have exhibited ultra-fast responsivities and significantly
high signal-to-noise ratios [17]. Due to limiting size effects, normal absorbing structures often have large
half-widths, which result in lower sensitivity [18]. The nested structure discussed here can overcome the size
effect for narrowband absorption in the mid-infrared region. The peak width derives from dual-band absorp-
tion and the sensitivity is extremely high. Thus, it has great application potential in detectors and frequency
selectors.

We propose a narrow dual-band, high-quality MMPA with very high selectivity based on a nested dou-
ble-cross stack. In simulations, we used a single unit cell in the propagation direction to obtain two peaks
with average absorptions of up to 99%, with a thickness significantly less than the resonant wavelength. The
scalability of the wavelength enables applications such as bolometric pixel elements and thermoelectric de-
tectors. The design is extremely useful for narrow-band-responsive bolometers used as focal-plane-array im-
aging detectors. The detector can also be used for flammable, toxic, and harmful gases such as CHs, CO, and
C,Hg¢ in the mid-infrared region and SO,F; and SF¢ in the far-infrared region [19]. It can also be used in
thermal imaging [20], hyperspectral imaging [21], meteorology [22], free-space light [23], communication [24],
remote sensing [25], lasers [26], and for identifying biological compounds [27].

Model and method. In the nested MM structure, the top layer is a periodic-array cross structure. The
middle layer is a silica dielectric, and the substrate is silicon. There is an additional cross array structure in
the middle of the silica dielectric layer that is the same as that in the top layer. A continuous metal film
blocks transmission of mid-infrared electromagnetic waves, so that incident waves are completely reflected
and not transmitted. This structure is similar to a Fabry-Perot resonator. The resonance absorption peak of
the specific structure in the top layer can match the spatial electromagnetic wave perfectly. The silica layer
plays a normal selective role. The cross structure in the middle of the dielectric layer can absorb long-
wavelength electromagnetic waves. The light source used in the simulations was a plane wave incident in a
vertical direction. L =1 pm and W =1 pum represent the arm length and width of the cross structure, respec-
tively.

In the numerical simulations, we used finite-difference time-domain (FDTD) methods to solve Max-
well’s equations and obtain electric and magnetic field intensities of the surface plasmon resonance of the
excitation. The absorption and reflection spectra in the direction perpendicular to an incident electromagnetic
wave can be obtained with relation [28—30]:

.= IS(x, y)dxdy/ Qs (1)

where Q is the incident electromagnetic field power per unit area, S(x,y)= j(f |E x H|dt / T is the Poynting

vector, and 7 is the surface plasmon resonance period. Absorption and transmission peaks can be modeled
with Eq. (1). Definition 4 represents the absorbance, where the surface plasmon resonance absorption loss of
the incident electromagnetic wave can be defined as:

A=1-T-R. )

Numerical analysis and discussion. The geometry of the optimized structure in Fig. 1a was controlled
by adjusting the eight variables in Fig. 1b. By changing #, ©, £, t4, and ¢, the thicknesses of the dielectric
layer and the metal cross structure layer were changed; T represents the period of the nested structure, and,
as noted above, L and W control the cross structures arm length and arm width, respectively.

Perfect absorber nested structure. The unit cell of the nested structure is shown in Fig 1. The geometric
size of the structure was L =W =1 um, t;=0.15 pm, £=0.65 pm, 3= 0.6 pm, #3=0.25 pm, #5=0.2 pm, and
T =3 um. FDTD simulation optimization resulted in two mid-infrared resonance absorption peaks with nar-
row half-widths, as shown in Fig 2. The center wavelengths were at 3.87 and 4.57 um, respectively. In the
simulations, the light source was a plane wave, and the dispersion parameters of the various materials are all
from Palik experimental data in the mid-infrared, and the spatial background index of the structure was set to 1.
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Fig. 1. Unit cell of the proposed nested structure (a) perspective view (b) bottom view;
t1=0.15 pm, £,=0.65 um, 3= 0.6 um, #4= 0.25 um, 7= 3.0 um in the picture (b).
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Fig. 2. Simulated absorption peaks of the nested structure; #1=0.15 um, £,= 0.65 pum,
t3=0.6 um, t4=0.25 pm, 7= 3.0 um.

To analyze the absorption mechanism, the FDTD software was used to simulate the electric-field and

Poynting vector distributions, as shown in Figs. 3 and 4, respectively. From these distributions, a conclusion
could be made that the 3.87-pm resonance absorption peak was attributed to the double-layer cross structure.
It equivalently formed an electric-dipole pair from the incident electromagnetic wave electric vector on the
top metal cross. The electromagnetic wave energy was completely converted into an ohmic loss of the over-
all electronic oscillation. At 4.57 um, via the energy propagation direction shown in Fig 4, the electromag-
netic wave directly penetrated the dielectric layer and impedance-matched the internal metal cross. It thereby
introduced the spatial electromagnetic wave into the dielectric layer between the nested cross and the bottom
metallic layer. This part of the energy loss was absorbed by the dielectric.
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Fig. 3. Top views of the calculated electromagnetic field distributions for the (a,b) 3.87
and (c,d) 4.57 um peak.
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Effect of the cross scale in the top nested structure on the absorptive properties. From the absorption
analysis, it was concluded that energy loss was concentrated at the two ends of the metal cross structure and
the inside of the dielectric layer between the nested cross structure and the bottom metal barrier layer. There-
fore, change the size of the metal cross structure and the thickness of the bottom dielectric layer (L and #4)
had a significant impact on the absorption effect. Because the top cross and the nested cross form an equiva-
lent electric-dipole pair, the wavelength of the resonance absorption peak was affected by the oscillation fre-
quency of the dipole pair. Therefore, when the arm length and width of the cross structure were reduced, the
electric-dipole moment was reduced, the oscillation frequency was increased, and the resonance absorption
peak was blue-shifted. When the arm length and width were increased, the electric-dipole moment increased,
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and the resonance absorption peak red-shifted.

Fig. 5. For fixed #;=0.15 um, £,= 0.65 pm, 3= 0.6 um, 7= 0.25 pm, 7= 3.0 um; (a) absorption spectra
with changing arm length and width; (b,c) absorption intensity and absorption peak frequency shift,
respectively; (d) absorption spectra with changing thicknesses of the dielectric layer; (e,f) absorption
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Fig. 4. Calculated Poynting vector distributions at (a) 3.87 and (b) 4.57 um.
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It can be concluded from the energy distribution of the field that the resonance absorption peak
at 4.57 um was caused by loss of the dielectric layer between the bottom metallic layer and the bottom of the
nested cross structure, as shown in Fig. 5. When the thickness of the middle dielectric layer decreased, the
3.87-um resonance absorption peak did not change significantly, while the 4.57 peak had a significant red-
shift, and the absorption intensity decreased significantly. The absorption intensity was reduced because of
the thinned dielectric layer. The red-shift of the absorption peak was attributed to the fact that long-
wavelength electromagnetic waves were more likely to be diffracted and introduced into the dielectric layer.

Effect of the adjacent nested-structure period on mid-infrared absorption. Changing the periodicity of
the adjacent nested structures affected the absorptive properties. First, the structural parameters were fixed at
t1 =0.15 um, £ = 0.65 pm, 3 = 0.6 pm, #4 = 0.25 um, and 7' = 3.0 um, in addition to the structural periodic
parameters. The simulated absorption properties demonstrated that the absorption intensity changed signifi-
cantly when the periodic structure parameter was changed. When the periodic structure parameter was
3.0 um, the absorption was close to 100%. When the parameter was less than 3.0 um, the absorption de-
creased (Fig. 6). The unit period variable was 100 nm. When the period decreased, the duty ratio increased,
and the resonant absorption peak had a significant blue-shift, indicating that the interaction between the ad-
jacent electromagnetic fields increased and the resonance frequency increased. The reason for the decreased
intensity was because of the changed periodicity of the structure. The balance of impedance matching was
then disrupted, resulting in a decreased absorption intensity.
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Fig. 6. For fixed 1 =0.15 pm, £,=0.65 pm, 3= 0.6 pm, z4= 0.25 um, 7= 3.0 pm, and a changing period
from 2.6 to 3.0 um; (a) schematic of the structure; (b) spectra produced by periodic changes;
(c) and (d) are plots of the peaks at 3.87 and 4.57 um, respectively.

Effect of nested-structure polarization on mid-infrared absorption. Additional simulations investigated
the angle-dependence of the dual-band plasmonic absorber. Because there was a phase shift in the incident
electromagnetic field between each period, we used Bloch boundary conditions for oblique polarizations in
the x-direction (propagation direction) for both transverse electric and magnetic polarizations, while main-
taining all the other parameters. Figure 7 displays the absorptivity as a function of both wavelength and the
polarization angle. The two red regions indicated two sharp angle-independent absorption bands. Under both
transverse electric and magnetic polarizations, more than 95% absorption was observed for both resonance
peaks, while maintaining the center frequencies to reveal the decreased absorption peak values between
normal incidences.
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Fig. 7. Simulated absorption efficiencies as a function of wavelength and polarization angle;
3.5 simulation of the nested structure sensitivity.
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Fig 8. (a) Absorption spectra with the variable thickness of the top cross-pattern layer; (b) absorption spectra
with the variable background refractive index, for a 250-nm-thick top cross.

By changing the thickness of the top-layer cross, the simulations produced a new absorption peak
at 3.26 um, as shown in Fig. 8a. To find the most suitable cross thickness over the range 200-320 nm, the re-
sults were fitted. In Fig. 8a, the 3.26 um peak appeared when the cross thickness was increased. When it was
greater than 300 nm, the absorption efficiency at 3.87 um was reduced. When it was less than 250 nm, the
3.26-um absorption disappeared. In Fig. 8b, for a fixed the top layer cross thickness of 250 nm, the results
are shown when the background index was changed. This affected the top cross because it was in the exter-
nal medium, while the intermediate-layer cross was always embedded in silica. The background refractive
index changes did not generate a resonance absorption in the intermediate-layer cross. Therefore, the peaks
at 3.87 and 3.26 um were significantly red-shifted when the index ranged over 1.025-1.25. The peak at 4.57 um
was hardly affected by altering the index. Continuous tunability of the short-wavelength resonance absorp-
tion peaks was thus possible.

Conclusions. FDTD optimization of a proposed MMPA nested structure produced two mid-infrared
resonance absorption peaks at 3.87 and 4.57 um, with narrow half-widths. The absorption mechanism was
simulated, also using FDTD. Three-band absorption was observed for the nested structure by changing the
thickness of the top pattern layer. This verified that the device was extremely sensitive with respect to ab-
sorption, but it had no polarization sensitivity. Overall, the structure provides a theoretical basis for the per-
fect absorption of narrow multiple bands in the mid-infrared, with very promising potential applications
in detectors and sensors.
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