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A dual-band metamaterial absorber based on local surface plasmon resonance is designed, which is composed of a
periodic arrangement of stacked nanodisk structures. The structure unit consists of two dielectric layers and three
metal layers. Based on the finite difference time domain method, under the condition of vertically incident plane
light, two absorption peaks in the mid-wave infrared and long-wave infrared (MWIR/LWIR) are obtained, and the
absorption is greater than 98%. The absorber has good incident state tolerance characteristics. We can modulate
the MWIR/LWIR absorption peaks by changing the radius of the stacked disk structure, and MWIR and IWIR
dual-band broadband absorption can be achieved by integrating different size elements in the plane. The average
absorption is 71% for MWIR with 1.1 pm bandwidth from 3.2 to 4.3 um and 88% for LWIR with 3 um bandwidth
from 8.5 to 11.5 pm. At the same time, the structure also has effective refractive index (RI) sensitivity characteris-
tics. In the RI range of 1.8-2, the maximum RlI sensitivity of the LIWIR and the MWIR is 1085 nm/refractive index
unit (RIU) and 1472 nm/RIU, respectively. © 2020 Optical Society of America

https://doi.org/10.1364/A0.384027

1. INTRODUCTION

Research on infrared technology is receiving increasing atten-
tion because of its diverse applications in thermal infrared
detection [1], thermal transmitters [2—4], infrared imaging
[5,6], sensing [7,8] and other areas. Its working principle is
based on different target and background radiances, and differ-
ent temperature targets have different radiation characteristics
to obtain target information. In the atmospheric environment,
the thermal radiation of the target object can be effectively
transmitted in two window bands of mid-wave infrared and
long-wave infrared (MWIR/LWIR). In some specific appli-
cations, single-band (8-14 pum) detection usually has the
disadvantages of lack of imaging information and susceptibility
to external information interference, and it is easier to introduce
false alarms. However, the detector working in both bands of the
MWIR (3-5 um) and LWIR (8—14 pm) can fully obtain useful
thermal information and can effectively identify the target
object from a large number of images [9,10]. For example, in the
fields of security and fire detection, dual-band detectors detect
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more information than single-band detectors. The dual-band
detectors can improve the ability to determine the authenticity
of the target, suppress background information, and thereby
reduce the false alarm rate. The traditional uncooled infrared
detector is focused on the response of the LWIR band, and its
light-absorbing material can only respond to a single LIWIR
range. However, the emergence of metamaterial absorbers has
expanded the spectral response range of the light-absorbing
material. Therefore, it can be integrated on the uncooled
infrared detector to detect the wide-spectrum range of dual
bands in the MWIR/LWIR region.

Metamaterial absorber is an artificially constructed
composite structure with an emphasis on control characteristics.
Compared with traditional absorbing media, it has the advan-
tages of thin thickness, strong absorption capacity, controllable
frequency band, and design of electromagnetic parameters of
materials. Researchers carried out relevant research from the
microwave [11], terahertz [12—15], and LWIR or MWIR band
[16] to the visible near-infrared band [17,18], including the
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study of multi-band absorbers [19,20]. Feng ¢z a/. designed and
experimentally studied a dual-band ideal absorber based on an
asymmetric T-type plasma array and obtained two different
absorption peaks based on the local surface plasmon polari-
ton (LSPP) mode [21]. Zhang ez al. designed a symmetrically
arranged elliptical structure to realize a dual-band polarization-
independent absorber, and translation of the absorption peak
position could be obtained by modulating the long and short
axes [22]. Similarly, multi-band absorbers can be realized by
integrating diverse size absorbers [2,23,24] or using mutual
compensation between different structural units [13,20,25,206]
in the same plane. In recent years, the use of geometric deep
learning technology to design micro-nano structures to achieve
specific functions is also worthy of attention [27,28]. However,
for the research of infrared metamaterial absorbers, most of
them are on single MWIR or LWIR absorbers, whereas less
attention is paid to both MWIR (3-5 pum) and LWIR (8-
14 pum) with broadband and high absorption. Compared with
a single MWIR or LWIR absorber, the dual-band absorption
of the MWIR/LWIR has the advantage of being able to image
both high-temperature and normal-temperature targets at the
same time, and it can be better applied to acquiring information
about thermal infrared objects. Compared with single-band
absorption, it has the characteristics of strong anti-interference
ability and improved system detection and identification ability.
The common methods for achieving dual-band absorption
with narrow absorption bandwidth include planar integra-
tion [8,20], stacked metal-insulator—metal (MIM) [14], and
multi-mode dipole resonance [19]. However, these methods
have certain limitations in the realization capability of dual band
in the MWIR and IWIR bands and the broad band range of
the dual bands. In this paper, to reduce the planar integration
method caused by impedance matching, where it is difficult to
achieve the limitation of large absorption peak interval and high
absorption [2], a stacked structure is designed. Different from
the common stacked structure, all of the constituent layers are
patterned, except for the base reflective layer, and accompanied
by the design of different pattern radius. The compensation
for high-order resonance is realized, and the flexibility for
broadband absorption is improved. In applications, dual-band
infrared absorption in the MWIR/LWIR region is better than a
single MWIR or LWIR absorber, because it can simultaneously
image high-temperature and room-temperature targets and
improve the ability to determine the authenticity of the target,
suppress background information, and reduce false alarm rates.
In this work, we design a metamaterial absorber with a double
metal—dielectric-metal (MDM) structure based on the local
surface plasmon (LSP) dipole resonance, which can achieve a
high absorption in the MWIR/LWIR bands at the same time.
Due to the different dielectrics in the MDM structure and the
corresponding electromagnetic response, the stacked structure
composed of Ge with a larger relative permittivity and SiO,
with a smaller relative permittivity is designed to realize a high
LWIR and MWIR absorption. The absorption response to the
LWIR light is realized by Au-Ge, and the MWIR absorption
is related to Au-SiO; and Au-Ge. In addition, our results also
demonstrate that the absorber has better dimensional adjust-
ment characteristics and incident angle stability. Dual-band
broadband absorption of MWIR/LWIR can be realized by the
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planar combination of the primitive structures. At the same
time, the absorber can realize dual-band high refractive index
(RI) sensitivity for the MWIR and LWIR peaks.

2. STRUCTURE DESIGN

Figure 1 depicts the characteristic unit cell structure of the
periodic nanoarray. Built on the physical mechanism of
the LSP resonance of the MDM structure [29], dual-band
MWIR/LWIR absorption is realized by the stacked disc struc-
ture. Figure 1(c) shows the structure we designed. There are
five functional layers, and the three metal layers are separated
by two dielectric layers. To reach different absorption bands,
we chose SiO; with a relatively low dielectric constant and Ge
with a relatively high dielectric constant. The two materials are
used as the intermediate layer of the MDM structure, i.e., two
MDM structures are formed. Here, Au is chosen as the metal.
All parameters including the complex RI are derived from the
results of Palik’s experimental test [30]. By setting the thickness
of the intermediate metal layer to greater than the skin depth,
the electromagnetic characteristics of the upper and lower
MDM structures have no impact.

We performed a numerical analysis based on the finite
difference time domain (FDTD) method to study the electro-
magnetic properties and absorption of the resonant unit (where
A is the absorption, R is the reflectance, and 7 is the transmit-
tance). The feature sizes of the absorbers are shown in Figs. 1(c)
and 1(d), in which the top layer Au thickness (h;) is 0.04 pm,
and the middle layer (h3) and bottom substrate (hs) Au have a
thickness of 0.05 pum. Because the thickness of the base metal
is greater than the skin depth of the infrared region, the propa-
gation transmittance of the structure can be approximated
as 0, i.e., 7'=0. Therefore, the absorption characteristics of
the structure are determined by the frequency-dependent
reflectance R. To achieve high absorption, according to the
s-parameter inversion method [31,32], we need to design the
impedance matching between the equivalent impedance of
the metamaterial absorber [Z(w)] and the free space (Z). The
reflectivity of a composite material can be expressed as

Z(w) — Zy ]2

Z(w) + Zo @

R(w) = |:

(8) A (b)

©) A (d)
SiO2
) ’ j’hlm
~— N
Fig. 1. Design of the infrared metamaterial absorber. (a) and

(b) Structure of the Au-Ge-Au metamaterial absorber unit cell
with dimensions of h; =0.05 um, hs=0.22 um, hs =0.05 um,
and R, =0.7 um. (c) and (d) Stacked Au-SiO, dual-band meta-
material absorbers with additional dimensions of h; =0.04 pum,
h, =0.08 pm, and R; = 0.58 pm. The period is 2.2 um.



Research Article

If we want to make the R reflectance 0, we need to make the
structure achieve Z(w) = Z; [13]. For the MDM structure of
the metamaterial absorbers, the thickness of the intermediate
dielectric layer is critical because it affects the resonant intensity
of the electromagnetic dipole; as the thickness increases, the
resonance effect decreases, and the overall absorption efficiency
decreases. By designing the thicknesses of Ge and SiO; and the
structural radius R; and R, of the stacked structure, we obtain
a high absorption of the structure of the metamaterial absorber
structure. The final thicknesses of Ge and SiO; are 0.22 um (hy)
and 0.08 pm (hy), respectively.

3. RESULT AND DISCUSSION
A. Dual-Band Metamaterial Absorber

The absorption of the stacked structure [Au-Ge-Au-
SiO;z-Au, AGASA, Fig. 1(c)] and the common MDM structure
[Au-Ge-Au, AGA, Fig. 1(a)] are shown in Fig. 2. By com-
paring the results of the AGASA structure (R; =0.7 um,
R; = 0.58 um) and those of the AGA structure (R, = 0.7 um),
we find that the AGA structure achieves high absorption in
the MWIR 3.79 pm and IWIR 9.97 um regions, and the two
absorption peaks are greater than 98%. The absorption of the
AGASA structure with stacked Au-SiOj is almost unchanged in
the LWIR region, whereas the MWIR absorption is broadened
compared to the original structure, and FWHM widened from
0.17 to 0.48 um. The reason the MWIR bandwidth broadens
is to use Ry of the top Au to achieve an absorption peak with a
smaller peak interval from the higher-order resonance of Au-
Ge-Au and to achieve broadening of the MWIR bandwidth
under the combined action of two resonances. Additionally, the
MWIR absorption peak is redshifted, moving to 3.89 um, and
this absorption includes the absorption of the AGA structure in
the MWIR region. It is clearly shown that the MWIR absorp-
tion of the AGA structure is narrower and sharper, and there are
some limitations in practical applications. However, smoothing
and broadening of the spectral line is achieved by the coupling
compensation of the AGASA structure with stacked Au-SiO5.
To understand the absorption mechanism of the stacked
structure, we calculated and analyzed the electromagnetic field
distribution of the structure. As shown in Figs. 3(a) and 3(d), in
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Fig. 2. Calculated time domain absorption spectrum of the

designed dual-band metamaterial absorber. Absorption spectrum

of the AGA structure (purple curve) and absorption spectrum of

the AGASA structure with the stacked Au-SiO, (red curve) in the

wavelength range from 3-14 pm.
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Fig.3. Cross-sectional views of the electromagnetic field and energy
distributions in the proposed structure corresponding to the normal
spectral absorption peaks: the (a) electric field, (b) magnetic field, and
(c) energy distributions for the LWIR absorption peak at 9.97 pum,
and the (d) electric field, » magnetic field, and (f) energy density
distributions for the MWIR absorption peak at 3.89 pm.

the absorber structure, electric dipole coupling occurs at the res-
onant wavelength, and the electric field is limited at the interface
edge of the upper metal to the dielectric. The LIWIR absorption
is realized by the LSP eigenmode dipole resonance of the Au-Ge
interface, and the MWIR absorption is realized by the LSP
eigenmode dipole resonance of the Au-SiO; interface and the
LSP high-order dipole resonance of the Au-Ge interface [26]. At
the same time, we get the z-axis component of the electric field
from the figure. Under the action of the reverse electric field, the
movement of free electrons can be equivalent to a circulating
current formed between the two metal layers and generating
a magnetic moment that strongly interacts with the incident
optical magnetic field [6,33] such that the magnetic field is
restricted to the media. Therefore, at the resonant frequency,
the local electromagnetic field between the two metal layers is
strongly enhanced, and the incident electromagnetic energy can
be effectively confined in the intermediate dielectric spacer layer,
which can be obtained from the energy density distribution of
Figs. 3(e) and 3(f). This energy is then converted to thermal
energy by loss, resulting in a nearly zero reflectance.

In summary, the absorption at 9.97 pum is mainly achieved
by the LSP eigenmode dipole resonance of the Au-Ge structure,
and the absorption at 3.89 pum is achieved by the LSP of the
eigenmode dipole resonance of Au-SiO; and the high-order
dipole resonance of Au-Ge. It can also be explained that in the
absence of stacking, the MWIR absorption at 3.75 pm is due to
the high-order electric dipole resonance.

B. Energy Loss

The electromagnetic energy coupled in the dielectric layer
will eventually be absorbed by the components of the stacked
absorber in the form of thermal energy. The energy absorption
curve of the components is shown in the Fig. 4. It is shown that
the electromagnetic energy coupled in the dielectric layer is
mostly absorbed by the Au layer in the form of ohmic losses,
rather than absorbed by Ge and SiO; in the form of dielectric
losses. This is because metal materials have a higher imaginary
part of the RI, which is the main factor affecting the absorption
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Fig.4. Energy absorption of each layer of the stacked structure.

capacity of the material. And it is shown from the curve that
the top Au mainly absorbs the MWIR spectral energy of the
Au-SiO; coupled electromagnetic field, with less of the spectral
energy of the Au-Ge coupled electromagnetic field, the bot-
tom Au absorbs Au-Ge coupled to the spectral energy of the
electromagnetic field, and the middle Au absorbs both coupled
spectral energy.

C. Incident Angle Stability

The angle dependence of the performance of our dual-band
metamaterial absorber is further studied. Figures 5(a) and 5(b)
show the absorption behavior of the structure at different inci-
dent angles for TM and TE polarization states, respectively.
First, the absorption mechanism of the dual-band absorber
we designed is based on LSP resonance. Its absorption peak is
mainly determined by the structure size and material, regardless
of theangle of incidence. Then, the stability of the structure rela-
tive to the incident angle mainly depends on the thickness of the
micro-nano periodic array unit cell. The smaller the thickness
is, the better the angular stability, and the less likely the perform-
ance changes with the changing of the incident angle. Because
the metal selected for the structural design is Au, the thickness
of the dielectric required for the metal to achieve impedance
matching is much smaller than Ti, Nj, etc. It is shown that the
absorption condition is relatively stable when the incident angle
is less than £:45°, indicating that the absorber has good incident
state tolerance characteristics.

D. Size Modulation and Bandwidth Expansion

The physical mechanism of strong absorption is mainly due to
the electric dipole resonance caused by the LSP at the junction
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Fig. 5.  Absorption contour maps of the absorber as a function of
incident angle and wavelength under oblique incident angles from 0°
to 60° with a step size of 10°. (a) TM and (b) TE polarization states.
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Fig. 6. (a) Absorption of stacked structures with different Ry,

(b) corresponding changes in absorption peaks with R;, and (c) and
(d) gradual change of absorption with R;.

of the metal and dielectric, and the absorption can be modulated
by changing the structure size. Figure 6(a) shows the variation in
absorption as the feature size R; increases without changing the
period of the stacked disk array. The variation in the absorption
peak with the feature size R; ranging from 0.5 to 0.63 pm is
illustrated in Fig. 6(b). The LWIR absorption is hardly changed,
whereas the number of the MWIR absorption peaks changes
from two to one and finally to two. In Fig. 6(c), R1 is taken as
0.50, 0.53, 0.56, 0.59, and 0.63 (pm) to depict redshift of the
absorption peak generated by the eigenmode dipole resonance
of Au-SiO, with the increase of R;. The Au-Ge high-order reso-
nance absorption peak completely coincides with the Au-SiO,
eigenmode dipole resonance absorption peak at R; of 0.56 pm.
Figure 6(d) shows the MWIR absorption peak of when R; is
0.54, 0.55, 0.56, 0.57, and 0.58 (1m), and there is only one
absorption peak. Due to the differences in Ry, the two kinds
of resonance coupling compensation are not the same, and the
high-order absorption peak does not completely coincide with
the position of the Au-SiO; absorption peak, i.e., 0.56 pm.

The structural characteristics of our dual-band absorber were
further studied by changing the radius R; and R; of the stacked
disks. Figure 6 depicts that by modulating R; and Ry, we achieve
double absorption peak modulation for the MWIR/LWIR
peaks, with R; being 0.65, 0.7, 0.75, and 0.8 (1um), correspond-
ing to R; being 0.54, 0.58, 0.63, and 0.68 (um), respectively.
The increase in the radius of the nanodisk causes a redshift of
the absorption peak, which is due to the redshift of the plasmon
resonance in each particle increasing as the size of the struc-
tural features increases. When R, corresponds to dual-band
absorption at 0.8 pm, another absorption peak with a lower
absorption appears in the LIWIR region, because the increase in
R; to match R; causes the surface Au-SiO; structure to produce
this absorption under this condition.

Through the planar integration method, four different
sizes of the stacked structures were combined to widen the
MWIR/LWIR absorption bandwidth. According to the struc-
tural modulation characteristics of the absorber, R; (0.83, 0.78,
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MWIR/LWIR dual-band absorption peaks. (b) Combination of four
different sizes of the stacked disk structure to achieve MWIR/LWIR
absorption bandwidth expansion.

0.73, 0.68 um) and R; (0.6, 0.57, 0.54, 0.51 wm) are modu-
lated to achieve compensation and broadband absorption in
the MWIR/LWIR band. To reduce the absorption reduction
phenomenon due to the increase in the period of the com-
bined structure, the dielectric loss is enhanced by increasing the
thicknesses of Ge and SiO; to 0.46 pum (h4) and 0.13 pum (hy),
respectively. Figure 7 depicts the combination of four different
size stacked structures achieving a maximum absorption peak of
90%, the half-wave width of 1.76 um, and an average absorp-
tion (3.2-4.3 pm) of 71% in the MWIR region; the maximum
absorption peak is 99%, the half-wave width is 3.2 pm, and
the average absorption (8.5-11.5 um) is 88% in the LWIR
region. It can be understood from the comparison in the figure
and the above calculation that the AGASA composite structure
has a higher broadband absorption than the AGA combined
structure, which occurs because the Au-SiO, structure com-
pensation method is used to improve the MWIR absorption
efficiency. The change in the LWIR absorption is due to the
effect of the LWIR dipole resonance of the stacked Au-SiO,
with larger Ry, so the absorption in the gap is enhanced for each
absorption peak.

E. Environmental Rl Sensitivity

To study the potential of our designed metamaterial absorber
based on the stacked disk structure as a RI sensor, we simulated
the effect of different RI environments on the absorption of the
structure, in which the RI was increased from 1 to 2, as shown in
Fig. 8. When the ambient Rl increases from 1 to 2, the structure
we designed can always exhibit two absorption peaks in the
MWIR and LWIR ranges, but increasing the environmental
RI will result in a small decrease in the absorption. The RI sen-
sitivity Sgy used to evaluate the RI sensitivity is defined as the
dependence of the absorption peak position changes on the

RI[29]:

Adpes
An

(2

Sri =

The dual-band RI sensitivity was analyzed by the linear
regression method of least squares. Figure 8 shows the effect
of the ambient RI changing from 1 to 2 on the absorption
peak positions of the stacked structure and the RI sensitiv-
ity. Figure 8(a) shows the relationship between the RI and
the positions of the absorption peaks. As the RI increases,
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the MWIR/LWIR absorption peaks are redshifted. The RI
sensitivity is defined as the slope of the linear regression.
Through calculation, the RI sensitivity of the LWIR peak is
731 nm/refractive index unit (RIU), and the RI sensitivity of
the MWIR coupling mode is 538 nm/RIU. However, we can
see in Fig. 8(a) that the RI sensitivity is not completely linear
with the change in the RI from 1 to 2. By calculation, we can
see from Fig. 8(b) that as the Rl increases, the RI sensitivity also
becomes larger. In the RI range of 1.8-2, the LWIR maximum
RI sensitivity is 1085 nm/RIU, and the MWIR maximum RI
sensitivity is 1472 nm/RIU. Referring to recent research on the
RI sensing of absorbers [8,34-36], it is shown that the structure
has effective RI sensitivity, which indicates its potential applica-
tion in RI sensors. The dual-band sensing features a wide range
of results for calibration and application in the MWIR and
LWIR. Ordinary Rl sensor devices generally have the following
characteristics: low loss and high RI sensitivity and quality
factor, which are all characteristics that can be optimized in the
structure for use as a sensor in the future.

4. SUMMARY

A dual-band metamaterial absorber in the MWIR/LWIR
regime is achieved by utilizing a stacked double-MDM nanos-
tructure. The absorption at the mid-wave of 3.89 pum and
long-wave 9.97 pm is about 99% with the device maintaining
high absorption at incident angles up to +45°. The adjust-
ment of the array structure unit sizes Ry and R, can realize the
modulation of the MWIR/LWIR resonance peak positions.
The designed plane integrating four different sizes of the stacked
structure achieves, in the MWIR range, a maximum absorption
peak of 90%, a half-wave width of 1.76 um, and an average
absorption of 71% from 3.2 to 4.3 um, and in the LWIR range,
a maximum absorption peak of 99%, a half-wave width of
3.2 pum, and an average absorption of 88% in the range of 8.5
to 11.5 pm. The metamaterial absorber has a high RI sensi-
tivity, and as the RI increases, the RI sensitivity increases. The
absorber has great potential for RI sensing applications through
comparative analysis.
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