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Abstract

In this paper, we propose a cavity-coupled perfect absorber (CCPA) consisting of a bottom gold layer, a SiO, layer, and mul-
tilayer MIM (metal—insulator-metal) nanowires. By coupling the Fabry-Pérot (F-P) cavity mode with the magnetic plasmons
(MPs) resonance mode in multilayer MIM structure, the MPs resonance in the multilayer MIM structure is enhanced and
leads to increased absorption of the structure. By designing and optimizing the parameters, near-perfect absorption in the
mid-infrared wavelengths can be achieved. The positions of the two absorption peaks can be adjusted by changing the width
of the nanowires and the thickness of the SiO, layer, resulting in the formant excitation at any position in the mid-infrared.
The full-width at half-maximum (FWHM) of the short-wave peak is only 0.076 um, and the FWHM of the long-wave peak
is only 0.46 um. The long-wave absorption peak maintains high efficiency and stability even at large incident angles, exhibit-
ing “omnidirectional” characteristics. The tunable mid-infrared emission peak can be matched to the characteristic spectra

of gases, making it suitable for infrared radiation sources in gas detection.
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Introduction

The metasurface structure can change the amplitude, phase,
polarization, and coherence of incident light by designing and
optimizing the size, material, and shape of structural units,
thereby achieving artificial regulation of spectral response
[1]. The use of metasurface structures can achieve optical
properties such as negative refractive index [2, 3], negative
reflection [4], zero refractive index [5], and metalens [6, 7].
Compared with most traditional optical components, the ultra-
strong control level of incident light in metasurface structures
allows them to be designed to perform various optical func-
tions. Moreover, metasurface structures have the advantages
of small size and lightweight, making them an ideal choice to
replace many traditional optical devices. These excellent opti-
cal properties have played a driving role in the development
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of applications such as electromagnetic stealth [8], super-res-
olution optical imaging [9], and solar cells [10].

Perfect absorbers have great application value in many
fields, including sensors [11, 12], energy harvesting [13-15],
thermal radiation [16], and photodetectors [17]. Metal-insu-
lator-metal (MIM) is one of the most common structural
units that make up metasurfaces. The plasmonic effect in
the subwavelength gap between two metallic regions can sig-
nificantly enhance the electric and magnetic fields [18-20].
Exciting magnetic plasmons (MPs) resonance through
MIM structure can also exhibit absorption characteristics
of light [21]. In recent years, many researchers have con-
ducted relevant reports and studies. For example, in 2015,
Tittl et al. utilized GST as a dielectric layer for MIM to
achieve nearly 90% absorptance in the mid-infrared band
[22]. In 2018, Liu et al. proposed a mid-infrared grating-
structured metamaterial absorber based on multilayer MIM,
but the absorptance was not high, only 80% [23]. In addi-
tion, MIM structures with multiple resonance mode effects
also have great research value in the optical sensing domain
[24-26]. For MIM structural units, in addition to MPs reso-
nance, when the thickness of the dielectric layer increases to
a certain parameter, a longitudinal F-P cavity mode will be
formed [27], which means that the absorption ability in the
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mid-infrared band can be further improved through coupling
between modes. This will provide guidance for the design
and application of relevant metasurface absorbers.

In this paper, we design and fabricate a TM-polarized light
dual-band absorber based on a 7-layer MIM structure coupled
with an F-P cavity. By optimizing the structural parameters,
two absorption peaks with high absorptance are obtained in the
mid-infrared band. As the length of the F-P cavity increases,
coupling occurs between F-P cavity resonance and MPs, and
different cavity lengths directly affect the degree of coupling.
By selecting the appropriate cavity length, near-perfect absorp-
tion characteristics of mid-infrared can be achieved. At the
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Fig.1 a The schematic of the cavity-coupled perfect absorber struc-
ture, consisting of multilayer MIM nanowires deposited on a silicon
substrate coated with a 200 nm thick layer of gold (Au) and a 1100
nm thick layer of silicon dioxide (SiO,). b The dependence of simu-
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same time, it can maintain a highly stable absorption peak
under high-angle incidence. Through finite difference time
domain (FDTD) electromagnetic modeling and system experi-
ments, we quantitatively captured the impact of the coupling of
two modes on the overall absorption of the system.

Simulation and Modeling

Figure 1a is a schematic diagram of the cavity coupling perfect
absorber (CCPA) structure composed of a multilayer MIM
structure and an F-P cavity. The structure consists of a gold
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Fig.2 a Absorptance of the F-P cavity mode. b Absorptance spectrum of the MPs resonance in the multilayer MIM structure. ¢ Absorptance

spectrum of the CCPA

(Au) layer, a silicon dioxide (Si0O,) layer, and a MIM grat-
ing composed of alternating layers of Au and SiO, deposited
on a silicon wafer. In order to effectively analyze the opti-
cal response of the absorber, we use the commercial software
Lumerical FDTD Solutions (2020 R2 version) to simulate the
composite structure. The multilayer MIM structure plasmonic
effect is unaffected if the length of the nanowires is much
longer than that of the width of the nanowires. We reduce
the three-dimensional (3-D) model to a 2-D one because both
models will obtain similar results in simulations. Besides,
the 2-D simulation model could save the time and computer
resource compared to the 3-D one [28, 29]. The incident light
source is set to TM-polarized light, and the magnetic field
parallel to the Y axis sets the X axes in the simulation area as
periodic boundary conditions. In order to eliminate echo inter-
ference, the Y axis is set to a perfect matching layer (PML).
The reflectivity monitor is placed 8 um above the struc-
ture. To ensure the convergence of the simulation structure,

X(um)

Fig.3 a The electric field at the resonance wavelength of 3.1 pum. b The magnetic field at the resonance wavelength of 4.97 um

we use a higher mesh accuracy (mesh accuracy =6). Here,
the absorptance (A) of the microstructure can be calculated
by simulating the reflectance (R) and transmittance (T):
A =1—R-T. The thicknesses of the nanowire width (W) and
the period (P) of the multilayer MIM structure are set to 1200
nm and 2000 nm, respectively. The thickness of the metal mir-
ror (D) is 200 nm, and the thickness of the SiO, dielectric layer
(L) is tuned in the range of 0—3 um. Figure 1b and c respec-
tively showed the dependence of simulated absorptance on the
layer numbers and layer thicknesses of the multilayer MIM
structure. Simultaneously considering the absorption char-
acteristics and the fabrication of the structure, 7-layer MIM
grating is chose, and the thickness of Au layer and SiO, layer
of the MIM grating is set to be 25 nm and 30 nm, respectively.

In order to demonstrate the absorption characteristics of
each mode in the CCPA, we performed simulations of the
absorption for each individual layer. Figure 2a, b, and c rep-
resents the absorption spectra for the individual F-P cavity
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mode, the individual MPs resonance mode in the multilayer
MIM structure, and the CCPA, respectively. From the simula-
tions, we can observe that, for the CCPA complex structure,
two absorption peaks at 3.1 um and 4.97 um are obtained.
Specially, the peak absorptance of the long-wave resonance
is greatly enhanced compared to before coupling, increasing
from 57 to 97%, which is close to perfect absorption, and the
FWHM is reduced from 529 to 460 nm. The reasons for this
phenomenon will be explained later.

To verify the physical origin of the two absorption peaks, we
calculated the electric field and magnetic field distributions at the
two resonant wavelengths. Figure 3a corresponds to the electric
field at the resonance wavelength of 3.1 pm, where the energy is
mainly localized in the underlying SiO, layer, indicating a typical
Fabry-Pérot (F-P) cavity mode [30]. Figure 3b corresponds to the
magnetic field at the resonance wavelength of 4.97 ym. The MIM
structure can simply form a magnetic plasmon resonance that is
well localized within the SiO, spacer [31].

Due to the regularity of the designed upper Au-SiO, multi-
layer MIM structure, we can mathematically describe it using
MIM and F-P cavity theories. The general resonance condi-
tions for this waveguide are defined as follows [32, 33]:

2WB + @, =2mx (D)

where f is the complex propagation constant, m is the reso-
nance order, @, is the phase shift between the two surfaces
of the waveguide, and W is the width of the grating stripe.
So we can write the expression of m as follows:

m=QWp+¢,)/2x @

it means we can figure out resonance order m only requiring
the value of . Fortunately, on the basis of waveguide theory,
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the complex propagation constant # can be figured out by
solving the following dispersion equations [32, 34]:

ek, + emkdtan(%) =0

22
ﬂzz - £dk(2) = kg 3)
b~ —enky =k,

where €, and ¢, are the dielectric constants of SiO, and Au,
respectively. A is the thickness of the SiO, layer (30 nm and
1100 nm). k, = 2z /A is the free-space wave vector. Fol-
lowing the steps mentioned in Egs. (1)-(3), we can obtain
the values of  and confirm the resonance order m (m=1).
Additionally, in order to forecast the resonance wavelength
A, by the mathematical model above, we introduce the con-
cept of effective refractive index n, of the MIM waveguide
asn, = f/ky[32]. According to it, we express the resonance
wavelength 4, as follows [35]:

A, =2n,W/(m - @,/27) 4)

therefore, A, can be easily obtained as long as we substi-
tute n, and m into this equation. For a structure with the
following parameters: W=1.2 um, d;=30 nm, and L=1.1
um, the F-P cavity mode and the multilayer MIM structure
resonant wavelengths obtained are at 3.106 pm and 4.9717
pm. The simulated resonant wavelengths were found to be
3.1 pym and 4.97 um, indicating good agreement between
the calculated one and that obtained by simulation. It is evi-
dent from the equations that the peak wavelength is directly
proportional to the line width W, which also explains the
redshift of the absorption peak with the increase of W in
Fig. 4. The absorption peaks shift towards longer wave-
lengths when W increases from 0.8 to 1.2 um. This redshift

Absorptance

0.0 T T T 0.0
3.2 3.9 4.6 53 6

Wavelength(pum)

Fig.4 a Dependence of F-P cavity resonance mode on W. b Dependence of multilayer MIM cavity resonance mode on W
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Fig.5 a Parameter scan graph of L in the cavity-coupled perfect absorber. b Parameter scan graph of L in the F-P cavity. ¢ The influence of dif-
ferent L on the absorption rate of the long-wavelength peak. d The amplified view of the long-wavelength absorption peak in Fig. 5¢

behavior aligns with the general trend of grating-like
microstructures [36, 37]. Based on this phenomenon, the
tunability of the infrared resonant positions of the absorp-
tion peaks can be achieved, and the structure can maintain
high absorption when W is varied within a certain range.
The narrowband nature of this structure makes it suitable
for detecting the absorption characteristics of target gases,
and it can be used as a compact and selective thermal light
source for gas sensing. At thermal equilibrium, the emis-
sivity of a material is equal to its absorptance (Kirchhoff’s
law of thermal radiation), which means that the supersur-
face radiates energy in the same narrowband spectral range.
Common harmful gases have characteristic spectral features
in the mid-infrared region, such as CH4 (3.61 um), NO (5.1
pm), NO2 (6.3 um), CO (4.46 um), and CO2 (4.45 um).
The designed metasurface in this study has a mid-infrared
emission peak that matches the characteristic spectra of the
mentioned harmful gases [38].

To explore the relationship between these two modes, the
simulated absorption is plotted as a function of L and the
incident wavelength in Fig. 5. The thickness of the reflec-
tive mirror Au layer is set to 200 nm, resulting in complete
suppression of transmitted light. The absorptance (A) was
calculated through the reflectance (R) and transmittance (T)
obtained by simulation: A=1—-R —T. In Fig. 5a, two types
of modes can be observed, where we define the mode that
undergoes redshift as mode A, and the mode with a constant
resonance position as mode B. For mode A, the resonance
shifts to longer wavelengths as the thickness of the SiO, layer
L increases. This behavior is a clear indication of the F-P cav-
ity mode formed between the reflective mirror and the bot-
tom metal layer of the multilayer MIM structure. Moreover, as
the cavity length increases, higher-order modes emerge. For
mode B, regardless of the SiO, layer thickness L variation, the
resonance wavelength remains almost constant. When mode
A’s redshift nearly coincides with mode B’s resonance peak
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position, the resonance position exhibits an anticross effect.
Figure 5b shows the parameter scanning of the spectrum of
the individual F-P cavity where the multilayer MIM is replaced
with a single-layer metal nanowire during simulation. By com-
paring Fig. 5a and b, it is worth noting that each order of the
F-P mode undergoes a blueshift. And an anticross-coupling
phenomenon is observed due to the overlap of resonance posi-
tions in Fig. Sa, causing the light waves to not enter mode B’s
channel. This results in the multilayer MIM structure being in
a low absorption state, indicating that the absorption state has
two distinct states of “on” and “off.” Therefore, by control-
ling the thickness of the SiO, layer, it is possible to achieve
the switching between the absorption states at 4.97 um, which
exhibits excellent optical characteristics suitable for optical
switches in optical computing [39]. This greatly enhances its
application potential. From Fig. 5c and d, it is evident that the
two modes are not isolated from each other. When the two
modes interact, the value of L can be changed to adjust the
absorptance of the long-wave absorption peak. In other words,
this interaction can vary according to the tuning means, and the
coupling between the two absorption modes leads to the ability
to control the constructive interaction of absorption [40, 41].
The enhancement effect of different F-P cavities with different
cavity lengths on the multilayer MIM structure varies based on
their parameters. When L is equal to 1.5 um, the absorptance
can be tuned to 100%.

Fig.6 The dependence of the

To explain the interaction observed above, the interac-
tion between the first-order Fabry—Perot (F-P) cavity and
the MPs resonance mode in multilayer MIM structure can
be understood as a 22 Hamiltonian matrix. This model
describes the coupling behavior of the original “bare” modes
in the system, and the Hamiltonian matrix is represented as
follows [42, 43]:

_(EV
= (V2) ®

El and E2 represent the energies of the F-P cavity mode
and the MPs resonance mode in multilayer MIM structure,
respectively. V is the coupling coefficient. After introduc-
ing V, the eigenvalues of the Hamiltonian represent the new
eigenfrequencies of the coupled system. So by solving the
eigenvalues of the Hamiltonian matrix, the resonance posi-
tion of two coupled modes can be predicted. Firstly, we
extracted the unperturbed energy of the first-order F-P cav-
ity mode from Fig. 5b, and the resonance position of the
MPs resonance mode in multilayer MIM structure is at 4.97
um. In Fig. 6, the unperturbed first-order F-P cavity mode
and MPs resonance mode in multilayer MIM structure are
depicted by the green and blue dashed lines, respectively.

To achieve good consistency, V is chosen as 8§ meV. The
resonance positions predicted by the coupled system are
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Fig. 7 a The magnetic field distribution within the multilayer MIM structure normalized to the incident light. b The relative magnetic field inten-

sity in multilayer MIM structure under different F-P cavity lengths

shown as the pink solid line in the graph, whereas the open
circles represent the positions of resonances of the coupled
system extracted from Fig. 5a. Clearly, the resonance peak
positions predicted by the coupled system are in excellent
agreement with the computed resonance peak positions in
the absorption spectrum, exhibiting significant anticrossing
phenomena at the intersections of these lines.

To explain the occurrence of the anticrossing phenomenon,
we simulated the magnetic field near the coupling region,
as shown in Fig. 7a. The magnetic field distribution within
the cavity has been normalized to the incident light magnetic
field. It can be observed that when the two modes are cou-
pled, the magnetic field in the multilayer MIM structure is
significantly enhanced. The enhancement factor obtained is

Fig.8 The absorptance of the 3.3 4.2 5.1 6
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greater than 1.8 compared to the enhancement factor on the
semi-infinite SiO, substrate. Moreover, the enhancement fac-
tor increases as we approach the coupling position, indicating
that the multilayer MIM structure enhances the local field
capability of light. This is the reason for the occurrence of the
perfect absorption peak when establishing the coupling struc-
ture in the beginning of this study. Such near-field enhance-
ment is also crucial in sensing applications. Figure 7b shows
the relative magnetic field intensity in multilayer MIM struc-
ture under different F-P cavity lengths. We can see that when
L is equal to 1.5 um, the relative magnetic field intensity is
the highest, which is 250 times that of the incident optical
magnetic field. This explains why the absorptivity in Fig. 5c
is 100% when L is equal to 1.5 um.

The stability of the structure at different incident angles
is also considered as shown in Fig. 8. The results indicate
that for TM-polarized light at incident angles ranging from
0 to 60°, the long-wavelength absorption peak remains

@) I () B P

__N

5.0kV 9.7mm x12.0k

unchanged, while the short-wavelength absorption peak
experiences some redshift. Therefore, for the long-wave-
length perfect absorption peak, the performance of the
designed structure remains efficient and stable at different
incident angles, exhibiting an “omnidirectional” character-
istic when the incident angle of light ranges from 0 to 60°.
This is advantageous for dual applications in gas sensing and
mid-infrared perfect absorber devices.

Experimental Section

The fabrication of metal-dielectric hybrid structures has
been demonstrated using a combination of UV lithogra-
phy and magnetron sputtering coating process, as shown
in Fig. 9a. Firstly, 200 nm of Au and 900 nm of SiO,
were sputtered on a Si substrate (step 1). Next, a layer
of photoresist (%500 nm) was spun-coated onto the SiO,

. L 1.0
—— Edge tilt
—— Edge vertical
0.8 - 0.8
3
g 0.6 - - 0.6
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S
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Fig.9 a Schematic illustration of the fabrication method based on EBL, lift-off process, and consecutive steps of dielectric and metal deposition.
b The absorptance of the structure edge tilt. ¢ The top view of the microstructure. d The cross-sectional view of the microstructure
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Fig. 10 The mid-infrared
absorptance measured by FTIR
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substrate (step 2), and a series of periodic 2 um wide and
1 pum tall lines were patterned using UV lithography (step
3). Then, a 10-nm thick Cr layer was deposited using
magnetron sputtering in these lines as a connecting layer
to prevent delamination, followed by the sputtering of 7
alternating layers of Au and SiO, (step 4). Finally, the
photoresist was removed by ultrasonic cleaning in acetone
(step 5). During the photoresist stripping step, the metal-
dielectric film on the sidewall detached, resulting in trape-
zoidal lines with tilted edges. This led to a deviation in the
resonance peak position from the previous simulations for
rectangular lines with perpendicular edges. As shown in
Fig. 9b, a phenomenon of resonance peak blue shift (tilted
at 45°) and increased linewidth was observed. However,
the underlying physical mechanism of excitation remained
the same, confirming the correctness of the design of the
hybrid structure. Figure 9b and ¢ shows the scanning elec-
tron microscope images of the microstructures from a top
view and cross-section, respectively, indicating the suc-
cessful fabrication of the samples with good quality.

Fig. 10 shows the absorption spectra of the composite
structure experimentally measured using a Fourier-trans-
form infrared spectrometer (FTIR) with polarized inci-
dent light. The wavelength range of the system is from
400 to 16.7 um, and a polarizer was used to character-
ize the polarized light. The reflection accessory was set
at an angle of 12° to simulate the 12° inclined incident

3.5

4.0 4.5 5.0

Wavelength(pm)

absorption spectra of the edge-tilted structure (shown
as the red solid line in Fig. 10), which indicates that the
absorption peaks do not shift significantly compared to
the vertical incident case shown in Fig. 9b. The experi-
mentally fabricated samples have successfully excited the
designed resonance peaks (shown as the black solid line in
Fig. 10). The flatness of the film layer in the preparation of
gratings affects the absorption characteristics of the struc-
ture, resulting the actual absorptance decreases compared
to the simulation results. The resonance peak position in
the experiment corresponds well with the simulation, veri-
fying the correctness of the simulation.

Conclusion

In summary, we propose a composite structure based on
the mode coupling of the F-P cavity and multilayer MIM
structure and optimize the parameters to enhance the absorp-
tion. In the mid-wavelength infrared (MWIR) atmospheric
window (3-5 um), the structure exhibits tunable dual-peak
narrowband absorption, with the long-wavelength absorp-
tion peak achieving perfect absorption and the short-wave-
length absorption peak reaching up to 95% absorption. The
resonance wavelength and absorptance in the multilayer
MIM cavity can be controlled by adjusting the width of
the lines and the thickness of the SiO, layer. The resonance
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wavelengths were calculated using F-P and MIM theory and
experimentally validated, showing relatively agreement with
the values obtained from FDTD simulations, thus verifying
the accuracy of our design. This novel structure introduces
a new approach to realizing mid-infrared absorbers with
both perfect absorption and tunable characteristics, making
it suitable for infrared radiation heat sources that match the
characteristic spectra of common harmful gases.
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