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Abstract: In this paper, we propose an RLC equivalent circuit model theory which can accurately predict the
spectral response and resonance characteristics of metamaterial absorption structures, extend its design, and char-
acterize the parameters of the model in detail. By employing this model, we conducted computations to character-
ize the response wavelength and bandwidth of variously sized metamaterial absorbers. A comparative analysis
with Finite Difference Time Domain (FDTD) simulations demonstrated a remarkable level of consistency in the
results. The designed absorbers were fabricated using micro-nano fabrication processes, and were experimentally
tested to demonstrate absorption rates exceeding 90% at a wavelength of 9. 28 wm. The predicted results are then
compared with test results. The comparison reveals good consistency in two aspects of the resonance responses,
thereby confirming the rationality and accuracy of this model.
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Introduction

Infrared detection technology involves multiple dis-
ciplines and fields. The uncooled infrared detectors have
been used in infrared thermal imaging, energy harvest-
ing, and heat emitters by virtue of their low cost, low
power consumption, and small size'™'. Among princi-

ples inducing electric signals in various types of infrared
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detectors, the thermoelectric effect is very widely used
for especially uncooled infrared detection """, By absorb-
ing the radiation energy of the target object through infra-
red-sensitive materials, the energy is converted into
heat. With the change in thermal energy, the physical
properties of the sensitive element undergo alterations,
ultimately transforming this change into an electrical sig-
nal to achieve the detection and measurement of the tar-

WrFE B #5:2024- 05- 04, & 8] B # . 2024- 06- 04

Foundation items : Supported by the National Natural Science Foundation of China (62174092), the Open Fund of State Key Laboratory of Infrared Physics
(SITP-NLIST-ZD-2023-04) , and the Strategic Priority Research Program of the Chinese Academy of Sciences (XDB0580000)
Biography:ZHAO Ji-Cong (1989—), male, Nantong, master. Research area involves MEMS resonator. E-mail : jezhao@ntu. edu. cn

" Corresponding authors : E-mail : sun. yan@ntu. edu. cn;zhangkun@mail. sitp. ac. cn



130 AP/ NS Qb g A 44 3

get object.

In recent years, the emergence of metamaterials has
attracted a great deal of attention. Metamaterials are arti-
ficially produced composite materials with unique electro-
magnetic properties not found in nature. The fundamen-
tal unit is composed of subwavelength dimensions. By al-
tering the structural dimensions, shape, and spatial ar-
rangement of individual subwavelength basic units, con-
trol over the overall or local optical field is achieved at
the subwavelength scale. Additionally, it is possible to
regulate the dielectric constant and magnetic permeabili-
ty of composite structures, endowing them with character-
istics of nearly perfect absorption in specific frequency
bands. This particular electromagnetic property has ex-
cellent potential in various applications, including meta-
material absorbers (MAs) , photonic crystals, plasmonic
resonance, skin effect enhancement, stealth technology,
etc"". The metamaterial absorbers are particularly
noteworthy. By integrating the metamaterial absorbers
with uncooled infrared detectors, a novel uncooled infra-
red detection technology is formed. This technology sig-
nificantly enhances device performance, improves ab-
sorption efficiency, and concurrently possesses multi-
spectral detection capabilities.

The most common structure of MAs consists of met-
al-insulator-metal with a thickness of only subwavelength
dimensions. This structure leverages surface plasmons
(SPs) at subwavelength scales to achieve strong light-
matter interactions. Simultaneously, it realizes ideal ab-
sorption responses by reducing reflection and eliminating
transmission. In 2008, Landy et al. proposed MAs in
microwave band for the first time and achieved greater
than 88% absorption at 11.5 GHz by experiments'* ;
Hao et al. , Liuetal. , and Ma et al. used different mate-
rial stacks and different sub-wavelength size structures to
achieve perfect absorption in the short-wave dgurecaetd
dceoaml (NIR) and mid-wave infrared (MWIR) window
ranges, respectively™"”". Currently, there is limited re-
search on metamaterial absorbers in the long-wave infra-
red (LWIR) spectrum. The existing studies predomi-
nantly employ numerical simulation methods, such as Fi-
nite Element Method (FEM) and Finite Difference Time
Domain (FDTD), for grid partitioning and iterative com-
putations of structural models. As research progresses,
various methods have been proposed to predict the reso-
nance mode mechanism of metamaterial absorbers.
These methods include transmission line theory, cou-
pling theory, and interference theory**'. The predic-
tions from these theoretical approaches align with simula-
tions and experiments for specific structures. However,
compared to previous theoretical methods, there is still a
lack of a more convenient and efficient equivalent model
approach that can comprehensively and systematically an-
alyze and predict the fundamental principles and reso-
nance responses of MAs structures.

This work introduces long-wavelength infrared win-
dow metamaterial absorbers that can be integrated into
uncooled infrared detectors. It elucidates the absorption

mechanism and resonance principles, followed by design
and experimental validation. We simultaneously expand-
ed the RLC equivalent circuit model. By predicting reso-
nance characteristics, including wavelength response
and full width at half maximum (FWHM) , and compar-
ing them with FDTD simulation results, the rationality of
the model was validated. The impact of the structural pa-
rameters of the designed MAs on resonance response was
analyzed. In the end, we fabricated the MAs by micro-
nano fabrication processes and conducted tests using a
Fourier Transform Infrared Spectrometer (FTIR). The
absorption rate of the sample at 9. 28 pm was more than
90%. The test results were compared and validated
against the predictions of the RLC circuit, further con-
firming the feasibility and relevance of the model. This
paper comprehensively elucidates the resonant behavior
of MAs, providing a profound and intuitive analysis of
the resonance response mechanism. The study offers de-
sign guidance for the development of efficient and cost-ef-
fective novel uncooled infrared detection technologies.

1 Design and simulation

The proposed metal-insulator-metal (MIM) three-
layer MAs structure is shown in Fig. 1(a). The structure
consists of a 2D periodic array of square-shaped gold
(Au) nanostructures on the top, separated by an alumi-
num nitride (AIN) dielectric layer in the middle and a
molybdenum (Mo) metal plate layer at the bottom. The
lateral dimensions are width (w) and period (p). The
MAs structural chosen parameters in the simulation are
shown in Table 1.

Table 1 Structural parameters of the designed MAs
£1 T MAsHZERSHE

Parameter Symbol Value
Period Plpm] 3.6
Characteristic length (width) wl pm] 2.6
Thickness of top metallic pattern t,,[nm] 50
Thickness of dielectric spacer t,y[nm] 200
Thickness of bottom metallic pattern 1, [nm] 100

When a specific infrared light irradiation to the
nanometer metal surface, the incident light (surface elec-
tromagnetic wave) and the top layer of metal in the free
electron element interact to form surface plasmons
(SPs) , the occurrence of surface plasmon resonance
(SPR). This phenomenon induces an electric dipole res-
onance, which excites the coupling effect between the un-
derlying metal plates through the subwavelength dielec-
tric layer gap, generating a reverse oscillating current
and exciting a magnetic dipole. These electric and mag-
netic dipoles resonate synergistically, effectively dissi-
pating the incident light and achieving high absorption in
the target spectral range.

According to the law of conservation of energy, the
MAs absorptivity formula is A=1-R-T, where A, R, and

T are absorptivity, reflectivity, and transmittance, re-
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spectively. When the thickness of the underlying metal
Mo is greater than the skinning depth of the LWIR win-
dow, the light cannot penetrate, and the transmittance T
is approximated to be 0. Therefore, its absorptivity is A=
1-R. The designed MAs are simulated and analyzed us-
ing FDTD software. In the simulation, the light source
propagates as a plane wave along the z-axis direction with
perfectly matched layer (PML) boundary conditions and
periodic boundary conditions along the x and y direc-
tions. The dielectric constant and refractive index param-
eters of the Au material are taken from the literature data
of Palik™. The material parameters of AIN and Mo are
taken from Beliaev and Kirillova >, respectively, and
the optical parameters of the simulated bands are shown
in Fig. 1(b).

Due to the central symmetry of the designed top
nanostructures, the wavelength responses obtained are
the same when both transverse magnetic (TM) and trans-
verse electric (TE) waves are used for incidence. In the
simulation, the absorption spectrum response is obtained
using transverse magnetic (TM) wave incidence, as
shown in Fig. 1(c). It is observed in the figure that the
absorption peak with nearly 100% absorption at 9. 62 pwm
and T is 0 within the LWIR spectral window.

In order to explore and clarify the mechanism of
perfect absorption of MAs in more depth, the electric
and magnetic field distributions of the designed MAs at
9.62 pm were computationally characterized and ana-
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lyzed, as shown in Fig. 2. At the resonance absorption
peak, the electromagnetic wave incidence excites the lo-
calized surface plasmon electric dipole to couple with the
metal film. Localized surface plasmon resonance
(LSPR) occurs when the incident light frequency match-
es the resonance frequency of free electron vibrations.
This phenomenon confines the electric field to the inter-
face edge between the top metal and the dielectric region,
extending into the dielectric layer, as shown in Figs. 2(a)
and 2(b). Additionally, from the magnetic field distribu-
tions characterized in Figs. 2(¢) and 2(d), it can be ob-
served that at a wavelength of 9. 62 pm, the electric field
vectors interact, causing the motion of free electrons.
This interaction leads to oscillating current loops between
the two metal interfaces, exciting magnetic dipole reso-
nance. The magnetic moment generated by the oscillat-
ing current interacts with the magnetic field of the inci-
dent electromagnetic wave, confining the magnetic field
within the dielectric layer.

The distribution of the electromagnetic field indi-
cates the combination of localized surface plasmon reso-
nance modes and dipole resonance modes, satisfying the
wave vector matching condition of the incident electro-
magnetic wave. The energy of the incident electromagnet-
ic wave can be effectively confined within the intermedi-
ate dielectric layer, as shown in Figs. 2(e) and 2(f).
The coupled electromagnetic energy is converted into
thermal energy through the ohmic losses in the bottom
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MIM-MAs infrastructure and related performance: (a) schematic of the proposed structure of MIM-MAs; (b) optical parame-

ters of AIN and Mo; (¢) absorption, reflectivity and transmittance curves of the MAs structure
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Fig. 2 Mapping of electric and magnetic field distributions at MAs absorption peak: (a) x-y plane and (b) x-z plane electric field distri-
butions; (c¢) x-y plane and (d) x-z plane magnetic field distributions; (e) x-y plane and (f) x-z plane power density distributions
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metal, achieving perfect absorption.
2 Equivalent model build and analysis
2.1 RLC circuit model

Based on the MAs absorption mechanism, we em-
ploy an RLC equivalent circuit model to elucidate the
physical mechanisms and resonance effects related to the
excitation of localized surface plasmon resonance and
magnetic dipole resonance. Sakurai et al. and Lee et al.
have developed equivalent circuit models for characteriz-
ing the geometric effects of MAs™"". However, for com-
putational efficiency, the former did not account for the
dipole interactions between adjacent Au nano units. Sim-
ilarly, the latter simplified the model by omitting resis-
tive components that cause losses. The electrical charac-
teristics of MAs can be modeled and analyzed more accu-
rately and in detail using the RLC equivalent circuit mod-
el, which contributes to a better understanding and opti-
mization of MAs. In addition, this model is not limited to
a specific frequency or wavelength range, making it more
flexible.

Underneath each subwavelength metal nanostruc-
ture exists an independent magnetic field distribution,
and these distributions are mutually independent. It can
be assumed that the entire device is connected by an
equivalent circuit composed of multiple RLC lumped ele-
ments. The RLC equivalent circuit model of the extend-
ed single subwavelength cell is shown in Fig. 3 (a) ,
where the arrows indicate the direction of current flow.
The near-field coupling between adjacent subwavelength
square gold nanostructures on the top can be approximat-
ed as the gap capacitance C, between two surfaces with
non-uniform charge distributions. Similarly, the sub-

wavelength metal nanostructures on the dielectric layer
and the metal plate below can be approximated as paral-
lel plate capacitance C,. Both of these can be derived
from the following equations:

2me w
Cg = 2 ’ (1)
7
In
tAu
¢ = QEota @
tAlN

where £, (=8. 854x10" F/m) is the relative permittivity
of free space, and &, is the relative dielectric constant of
the dielectric layer aluminum nitride. In the equation,
(= 0.3-0.5) is introduced as a modified tuning factor to
consider the non-uniform charge distribution along the
metal surface and edge effects™. When magnetic dipole
resonance occurs, the mutual inductance between the
metal layers above and below the dielectric layer can be
equivalent to inductance ™™ ;

L, = /*LoéAlN . (3)
where w, (=4mwx107 H/m) is the vacuum permeability.
Within the skin depth range of the metal layer, consider-
ing the resistance that induces ohmic and dielectric loss-
es, as well as the dynamic inductance equivalent to the
aggregation and oscillation drift of electrons. The distri-
bution of these effects depends on the material and geo-
melric parameters of the top and bottom metals. There-
fore, it is necessary to differentiate between the equiva-
lent resistance and dynamic inductance of the upper and
lower nano-metal structures. Deriving the dynamic induc-
tance using the conventional inductance formula may not
provide a clear representation, and an alternative ap-
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proach is needed to obtain an equivalent result from a dif-
ferent perspective.

Due to the interaction of electric field vectors, the
current loop at the metal interface is excited, resulting in
the resonance of magnetic dipoles. Assuming negligible
influence from other factors, all the work done by the cur-
rent is entirely converted into magnetic field energy. Tak-
ing a single MAs structure as an example, the magnetic
flux ¢ and the increase in magnetic energy dW,  for an
RLC circuit can be described as follows :

=M, . 4

dW, =iM, di , (5)

where M, is the mutual inductance coefficient. The cur-

rent in this circuit is assumed to start from zero, and the

loop current increases by the same percentage 7y, i. e. , di

=Ildy. After integration, the magnetic field energy

.converted from the work done by the current loop in a
single RLC equivalent circuit is expressed as:

1
1
W= P [ yly=oLr .

when only one circuit exists, M,, is equal to L,, repre-
senting the inductance within a single current loop. The
relationship between the total mass M, of the moving
charges, the drift velocity v when free electrons drift,
and the kinetic energy generated by the internal electrons
in the metal can be described as follows :

M, =nm,5, ww' , (7)
v news,, > ®
W, =3 M o)

As shown in Equations (10) and (11), §, is the
skin depth of the metal, and w, is the plasma frequency.
Where M, is the mass of a single electron, n is the densi-
ty, e stands for the charge, and A and «, are the wave-
length and extinction coefficient in free space. During
the actual motion, the current distribution of the square
gold nanostructures in the top region of the MAs is non-
uniform due to edge effects. To accurately calculate the
total charge mass, the appropriate size w’ should be em-

ployed.
A

Y . (10)
W = ne . (11)
meg()

Therefore, by energy conservation, the kinetic ener-
gy generated by the motion of electrons is equal to the
magnetic field energy converted by the work done by the
current, i. e., Equation (6) is equivalent to Equation
(9). The final expression for the dynamic inductance is
obtained, considering the tuning factor 8 (= 0. 6-0. 8)
as shown in Equations (12) and (13). The resistance
characterizing the losses can be expressed by Equations
(14) and (15), where p,, and p,, are the resistivities of
gold and molybdenum, respectively, with parameters ob-
tained from Camacho and Asada™"".

L= B C(12)

e 2
w‘c"()SAuwp

!

w

L =—— , (13
‘ weo‘smowi (13)
R‘,:ﬁw pAu , (14)

ws,,

w'py,
R, =—— . (15
£ why, (15)

The above RLC lumped circuit elements are all rep-
resented using fundamental equivalent formulas for the
geometric parameters and material properties of MAs
structures. This approach plays an important role in guid-
ing the design and optimization of MAs. Simultaneously,
the structure model and physical mechanism of MAs can
be reverse-designed and analyzed through backward de-
duction and iterative computations. The relative imped-
ance Z. (w) and the reflection coefficient R (w) of the

equivalent circuit model can be described as™***:

z,xm:@ . (16)
_ Z.(w)_Zo ’
R(w) = Z (o) + 7, > (7

where Z (@) and Z, are the total set element impedance
and free space impedance, respectively. As shown in
Fig. 3(b), the simulation calculation by ADS circuit
simulation software shows that at the peak wavelength
A, (=9.62 um) of the MAs absorptivity, the relative im-
pedance Z,(w)=1.019+4j0. 033, in which Re(Z,)~1 and
Im(Z,)~0, i. e., Z(w)=Z, Under the resonant condi-
tion, the reflection R, (@) of MAs for the incident elec-
tromagnetic wave reaches the the minimum, and the ab-
sorption A, (@) reaches the maximum.

2.2 Analysis and comparison of predicted parame-
ters

To further substantiate the accuracy of the RLC
equivalent circuit model, we calculated resonance condi-
tions for different top subwavelength metal nanostructure
widths and periods within this model. The relevant pa-
rameters of its associated R, L, and C components have
been included in Table 2. Keeping other geometric pa-
rameters constant, we compared the predicted resonance
results with those obtained using FDTD, as illustrated in
Fig. 4.

Figure 4 (a) represents the variation of the peak ab-
sorption response wavelength of MAs with w in the range
of 2.2 pm to 3. 2 wm when P=3. 6 pm. It is evident that
an increase in w results in a redshift in the peak absorp-
tion response wavelength. This can be attributed to the
reduced distance between individual unit metal nano-
structures, which reduces the restoring force of each unit
metal nanostructure, consequently decreasing the reso-
nance frequency. Consequently, the incident light fre-
quency under resonance conditions decreases, leading to
a redshift in the response wavelength. When w=2. 6 pum,
an increase in P leads to a blueshift in the peak absorp-
tion response wavelength, as demonstrated in Fig. 4
(b). The shift in the response wavelength is attributed to
the same factors mentioned earlier. The increase in P re-
sults in an expanded distance between the metal nano-
structures and an increase in the resonance frequency,
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Fig. 3 Proposed equivalent circuit model structure: (a) schematic diagram of the RLC equivalent circuit model for MIM-MAs; (b) re-
al and imaginary parts of the relative impedance of the equivalent circuit model
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Table 2 Physical parameters of the RLC circuit model
®2 RLCERERNYIESH

wpm) Ay (pm) Ay (um) c, (F) C, (1) L (H) L, (H) L (H) R (Q) R (Q)
2.2 8.97 8.91 1.25%107™" 4.62x107" 1.26x10™" 6.43x107" 1.22x10™ 0.45 1.23
2.3 9.16 9.17 1.48x107" 4.74x107" 1.26x107" 6.65x107" 1. 18x107™" 0.43 1. 20
2.4 9.32 9.27 1. 84107 4. 84x107" 1.26x107 6.98x107™" 1. 16x1072 0.34 1.13
2.5 9. 46 9.43 2.04x107" 5.02x107"7 1.26x107" 7.12x107" 1.12x10™" 0.38 1.21
2.6 9.63 9.6l 2.21x107"° 5.19x107" 1.26x107" 7.38x107" 1.08x10™" 0. 41 1.26
2.7 9.75 9.76 2.33x107" 5.52x107" 1.26x107" 7.54x107" 1.01x10™" 0.41 1.13
2.8 9.87 9.89 2.48x107" 5.71x107"7 1.26x107" 7.63x107" 0.96x107" 0.40 1.12
2.9 9.99 10. 04 2.73x107" 6. 11x107" 1.26x107" 7.92x107" 0. 84x10™" 0.39 1.10
3.0 10. 09 10. 17 2.88x107" 6.36x107" 1.26x107" 8. 18x107" 0.78x10™" 0.39 1.09
3.1 10. 20 10.29 3.03x107" 6.77x107" 1.26x107" 8.67x107" 0. 69x10™" 0. 40 1.08
3.2 10. 31 10. 37 3.36x107" 6.69x107"7 1.26x107" 8.96x107™" 0. 65%x107" 0.38 1.07

consequently causing a blueshift in the response wave-
length. The results of the response wavelength predicted
by the RLC equivalent circuit model better agree with the
FDTD simulation results.

Calculations and comparisons were conducted for
the FWHM in the absorption response, as shown in Figs.
4(c) and 4(d). When P=3.6 wm, its FWHM slightly
increases as w increases. When w=2.6 pm, its FWHM
slightly decreases as P increases. Both phenomena can
be attributed to variations in the distance between adja-
cent metal nanostructures. This alteration makes the cou-
pling effect between them increase or decrease, resulting
in a corresponding change in the FWHM. The predicted
FWHM is also in better agreement with the FDTD simula-
tion results. Based on the above characterization, the
electrical properties and resonance mechanism of the
MAs can be analyzed and predicted using the RLC equiv-
alent circuit model. The alignment of this model with the
FDTD further substantiates its validity.

3 Fabrication and discussion

Figure 5 (a) shows the fabrication process of the
MAs, which is composed of seven main steps: Firstly, a

bottom metal Mo with a thickness of 100 nm and an insu-
lator layer AIN with a thickness of 200 nm were succes-
sively deposited on the substrate by magnetron sputtering
process (step I ) and (step Il ) ; Then, the positive
type photoresist is spin coated on the insulator layer AIN
and pre-baked, which can make the solvent in the photo-
resist evaporate quickly and reduces the effect of solvent
residue on the pattern (step Il ) ; Next, Ultraviolet
(UV) exposure is used to transfer the pattern on the
mask to the photoresist (step IV ) ; Developing the photo-
resist to from the design pattern (step V ); Then, the Au
film with a thickness of 50 nm was deposited by magne-
tron sputtering to form a surface metal layer (step VI) ;
Finally, the lift-off process is realized by using acetone
solution to form the designed gold structures (step VI).
The structure comprises a square array of nanostruc-
tures, with geometric dimensions outlined in Table 1.
Figure 5(b) depicts the top scanning electron microscope
(SEM) image of the fabricated MAs. The performance of
the manufactured MAs samples was measured using a
Fourier transform infrared spectrometer (Nicolet FTIR
6700). The absorption test results of the MAs samples in
the target wavelength range were compared with the pre-
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Fig. 4 Comparison of RLC circuit model prediction results and FDTD simulation results: At P=3. 6 um, (a) resonant wavelength and

(¢) FWHM for different values of w are as follows; At w=2. 6 um,

are as follows

(b) resonant wavelength and (d) FWHM for different values of P
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dictions of the RLC equivalent circuit model, as shown
in Fig. 5(c).

According to the test results, the manufactured MAs
samples exhibit an absorption peak at 9.28 pwm, where
the absorption rate exceeds 90%. The obtained result ex-
hibits slight discrepancies when compared with the pre-
dictions from the RLC circuit model. Upon comparing
the results, it is evident that the absorption peak in the
test results undergoes a blueshift, accompanied by a
slight decrease in absorption rate. This phenomenon can
be attributed to two terms. First of all, due to insufficient
metal surface treatment during the preparation process,
some metals are taken away by the photoresist tape dur-
ing the stripping process, which reduces the width of the
square gold nanostructure. Secondly, in terms of materi-
al parameters, the optical material constants represented
in the circuit model are slightly different from those mea-
sured in actual machining. Consequently, this results in
deviations in both the wavelength and absorption rate of
the absorption peaks.

At wavelengths of 5. 94 um and 11. 25 wm, parasit-
ic peaks with absorption rates below 40% are present.
This is attributed to the incomplete removal of residual
photoresist on the MAs surface during the lift-off pro-
cess. The residual photoresist adheres to the metal sur-
face, leading to the appearance of local parasitic peaks

and exerting a certain influence on the test results. In the
subsequent preparation process, the optimization of pro-
cessing steps and parameters can effectively prevent the
occurrence of the aforementioned issues. Overall, the
RLC equivalent circuit model provides a good prediction

for MAs.
4 Conclusion

In this study, a theoretical model and experimental
validation of MIM metamaterial absorbers that can be in-
tegrated with an uncooled infrared detector are present-
ed. The RLC equivalent circuit model is extended and
designed to explain and analyze the physical mechanism
and resonance effect of MAs in depth based on the geo-
metrical effect of the structure. The model successfully
predicted the resonant characteristics, including the reso-
nance frequency and FWHM. The designed MAs struc-
tures were fabricated using micro-nano processing tech-
niques and subjected to FTIR testing. The results indi-
cate that absorption rates exceeding 90% were achieved
at a wavelength of 9. 28 pm. Comparing the predicted re-
sults of this model with the FDTD simulation calculation
results and test results, a better resonance response
match is obtained, which further verifies the rationality
and accuracy of the model. This study contributes to an
in-depth understanding of the wavelength response and
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Fig. 5 Preparation by MIM-MAs process: (a) process steps for fabrication of MAs; (b) SEM image of the fabricated MAs; (¢) tested
MAs absorption response (orange points) versus the absorption response predicted by the RLC equivalent circuit model (blue points)
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resonance mechanism of MAs and guides the design and
optimization of metamaterial absorbers.
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