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Abstract
In this paper, we propose an Insulator-Metal-Insulator-Metal (IMIM) nano-block array structure, which can achieve tunable 
single-peak and double-peak perfect absorption properties from visible light to near-infrared. Compared with our previous 
work, this paper additionally points out that due to the coupling effect between SPPs, the original blue-shifted spectrum is 
converted into red-shifted during the process of changing the thickness ratio of the middle silver nano-block to the SiO2 
nano-block. In the design parameter range, two different structural parameters can be found, in which the absorption peak is 
exactly the same, and the short-wave absorption peak position has the characteristics of “on” and “off”. Based on the nature 
of absorption spectrum, it can be applied to optical switches in optical circuits. And this work also provides a new idea for 
plasma sensors, which has broad application prospects in the fields of filtering and imaging.
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Introduction

Realizing the interaction between light and matter using 
metasurface structure is one of the hottest topics nowadays 
[1, 2]. The emergence of surface plasmons breaks the limi-
tation of diffraction. From the form of expression, surface 
plasmons (SPs) are mainly divided into surface plasmons 
propagating (SPP) at the metal-dielectric interface and 
localized surface plasmons (LSP) confined around the nano-
structure geometry [3–5]. By designing the shape, size, and 
material of the metasurface structure, the optical properties 

such as phase, amplitude, polarization, and coherence can be 
modulated [6]. It provides a feasible solution for research-
ers to manipulate the electromagnetic response. The unique 
and remarkable maneuverability of the plasma metasurface 
structure on light makes that plasmonic devices have broad 
application prospects, such as biochemical sensors [7–9], 
energy harvesting [10–13], nonlinear optics [14, 15], pho-
tocatalysts [6, 16], and surface enhanced Raman scattering 
(SERS) [17–19].

Plasma perfect absorbers [20, 21] have important appli-
cation potential in the fields of thermal radiation [22], pho-
todetectors [23, 24] and sensing [25, 26]. In recent years, 
the plasma perfect absorber has been studied deeply from Yuchen Lim, Ying Xiong, Zizheng Li, Xiaoyi Wang, and Jinsong 
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both theory and experiment. The shape, size, and material 
of the metasurface structure have an effective modulation 
effect on the spectrum [6]. Therefore, lots of metasurface 
structures with excellent results have appeared, such as metal 
gratings [27, 28], nanohole arrays [29], nano-block arrays 
[30–32], and nano-cone [33] structures. Insulator-metal (IM) 
is a common structural unit of plasma absorbers. Using this 
basic structure, plasma super-absorbers exhibit spectral tun-
ability and can achieve almost perfect absorption character-
istics [34, 35].

In this paper, we adopt the IMIM four-layer structure. 
By designing and optimizing the structural parameters, its 
reflection was suppressed at the resonance wavelength, and 
the near-perfect absorption from the visible light to the near-
infrared is achieved. Figure 1 is a schematic diagram of the 
IMIM structure of the tunable perfect absorber. When select-
ing materials, we consider that silver has the characteristics 
of high reflection and low absorption, and has excellent opti-
cal properties in the range of visible light to near-infrared. 
SiO2 is the most used low refractive index dielectric mate-
rial with high stability and mature preparation technology. 
We constructed a SiO2-Ag-SiO2 nano-block structure with 
periodic boundary conditions on glass substrate coated 
with 200-nm-thick Ag layer. By adjusting the size of the 
nanostructures, single-peak and double-peak two kinds of 
absorption properties from visible light to near-infrared can 
be achieved, that is, the appearance of short-wave resonance 
peaks can be regulated under the condition that the long-
wave resonance peaks are exactly coincident.

Simulation Modeling

In order to effectively analyze the final response of the plane 
wave perpendicular to the superabsorbent, we use the com-
mercial software Lumerical FDTD Solutions to simulate the 

IMIM structure. The incident light source is set to TM linear 
polarized light with a resonant electric field polarized along 
the X axis, which illuminates the system surface perpendicu-
larly. Set the X and Y axes in the simulation area as periodic 
boundary conditions. In order to eliminate echo interference, 
the Z axis is set to a perfect matching layer (PML). To ensure 
the convergence of the simulation structure, we use a higher 
mesh accuracy (mesh=2 nm). The definition of structure size 
caters to the needs of optical devices to be miniaturized and 
lightweight. The total height H, period P, and side length D 
of the nano-block are 128 nm, 420 nm, and 84 nm, respec-
tively. The thickness of Ag in the middle of the nano-block 
is T=Zmax−Zmin, and the fixed Zmax=108 nm. Finally, 
sweep the lower surface of the middle Ag nano-block Zmin, 
and the range of Zmin is 0–108 nm.

Results and Discussion

The simulated absorption is plotted as a function of Zmin 
and incident wavelength, as shown in Fig. 2. When the 
thickness of the underlying Ag layer is thick enough, the 
transmitted light will be completely suppressed, which 
is commonly more than 120 nm. As a result, the spectral 
intensity is equal to the sum of the absorption intensity and 
the reflection intensity (1=R+A). There are two absorption 
modes in Fig. 2, here we define them as mode A and mode 
B. For mode A, with the decrease of the thickness ratio of 
Ag nano-blocks and SiO2 nano-blocks in the middle layer, 
the resonance wavelength position hardly changes, but the 
corresponding mode intensity will be significantly reduced, 
and finally disappear completely. For mode B, as the thick-
ness ratio of the Ag nano-blocks and the SiO2 nano-blocks 
in the middle layer decreases, the resonance wavelength 
position firstly trends to blue shift and then red shift. When 
the height Zmin of the bottom surface of the Ag nano-block 

Fig. 1   IMIM plasma perfect 
absorber structure diagram, 
SiO2-Ag-SiO2 nano-block 
structure on glass substrate 
coated with 200-nm-thick Ag 
layer
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increases to around 60 nm, the mode A almost disappears, 
and at the same time, the mode B has a blue shift trend. 
We can find the resonance position with the peak intensity 
nearly the same within the 550–1000 nm band, and at the 
same time can artificially control the appearance of the reso-
nance peak at 480 nm.

When setting two characteristic thicknesses of middle Ag 
layer in nano-blocks (T=14.5 nm, 93 nm), the resonance 
peaks at the wavelength of 644 nm exhibit almost the same 
absorption, and their intensities are both as high as 99.9%, 
as shown in Fig. 3. While the absorption peak near the wave-
length of 480 nm only appears when the thickness of the 
middle Ag layer in the nano-block is equal to 93 nm, and 

the peak intensity is close to 95%. Therefore, when reduc-
ing the thickness of the middle Ag layer in the nano-block, 
the mode A is greatly suppressed, and the peak intensity of 
the mode B is little affected. By adjusting the thickness of 
the middle Ag layer, the single-peak and double-peak can 
be controlled in the visible and near-infrared range, and the 
average absorption is more than 99%.

Each thickness of middle Ag layer in the nano-block can 
find a corresponding different value within the thickness 
variation range that the peak intensity and resonance wave-
length position of these two situations are almost the same. 
Therefore, it can be realized that when keeping the absorp-
tion characteristics at 644 nm constant, the appearance of the 
absorption peak at 477 nm can be controlled. This excellent 
optical characteristic can be used to optical switches in opti-
cal computing [36]. The modes A and B in the absorption 
spectrum correspond to two optical signals A (absorption 
peak at 477 nm wavelength) and B (absorption peak in the 
long-wavelength range). The appearance and disappearance 
of the two light signals respectively represent the logic “1” 
and the logic “0” in the logic gate. The absorption peak 
of mode B always exists which is in the logic “1” state, so 
the switching performance can be achieved through mode 
A. If an “AND” gate is placed in front of the two optical 
signals, the optical signals (1,1) and (0,1) represent the two 
states of “on” and “off” respectively. As shown in Fig. 2, this 
structure can be applied in the visible light to near-infrared 
waveband, which enhances its application potential.

In order to explore the physical mechanism of each 
absorption peak, we deeply studied on each absorption 
mode. Localized surface plasmons (LSPRs) are more sen-
sitive to the size, shape, and materials of nanostructures, 
while surface plasmons (SPPs) are more sensitive to changes 
in structure period and incident angle of light. For mode 
A, as the thickness of middle Ag layer in the nano-block 
increases, there is almost no change in the resonance wave-
length position. The following dispersion relation can be 
used to describe this behavior [37]:

where �m , �d represent the dielectric constant of the metal 
in the system and the dielectric constant of the insulator, 
�spp corresponds to the wavelength of the absorption peak, 
P=480 nm is the structure period, and i, j are resonance 
orders. When � = �spp , the energy carried by the incident 
electromagnetic wave will propagate outward along the 
interface between the metal and the insulator. The wave-
length of the absorption peak corresponding to mode A �spp 
is 477 nm, and the result calculated by the above formula 
is 510 nm, and the deviation is about 30 nm. The FDTD 
simulation software is used to analyze the electric field 

(1)�spp =
P

√

i2 + j2

�

�m�d

�m + �d

Fig. 2   Scanning reference map for Zmin height of the bottom surface 
of Ag nano-block (0 nm<Zmin<108 nm)

Fig. 3   Absorption spectra of different thick middle Ag layer in the 
nano-block (T=14.5 nm and 93 nm)
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and magnetic field distribution at the absorption peak �spp
=477 nm, as shown in Fig. 4. It can be seen that the compo-
sition of mode A is not only the SPP mode at the SiO2/Ag 
interface, but also weaker mode resonances are also excited 
at the lower interface of the Ag nano-block and on both 
sides. Under the premise that the SPP mode at the upper 
SiO2/Ag interface plays a dominant role, the peak position 
is deviated from the calculated result due to the weak mode 
resonance excited by the nanostructure.

For mode B, the electric and magnetic field distributions 
at the resonance wavelength of 644 nm are shown in Fig. 5. 
In Fig. 5(a) and (b), the electric and magnetic field energy is 
confined between the nano-block Ag layer and the underly-
ing Ag layer, and the resonance peak is caused by the gap 
plasma mode. The resonance wavelength is reflected back 
and forth between the upper and lower Ag layers, to create 

cavity resonance [38]. This gap plasma mode is not sensitive 
to the angle and polarization of the incident light. In Fig. 5(c) 
and (d), the electric and magnetic field energy is confined 
to the upper and lower interfaces of nano-blocks, which are 
mainly generated by the SPP mode at the SiO2/Ag interface 
and Ag/SiO2 interface. The decrease in the thickness ratio 
of Ag to SiO2 nano-block layers leads to weaker interaction 
between Ag nano-blocks and silver film. As the thickness 
of the SiO2 nano-block increases, the SPP mode at the Ag/
SiO2 interface will dominate [39]. For the IMI structure, 
when the thickness of the middle Ag layer of nano-block 
is gradually reduced to the penetration depth of the inci-
dent light, the SPP modes generated at the upper and lower 
interfaces will be coupled, and a stronger new mode will 
finally be generated [40]. By analyzing the penetration depth 
of the incident lightL =∣ (�m + �d) ÷ (�m�d) ∣ 0.5∕k0 , we can 

Fig. 4   a and b Distribution 
diagram of electric and mag-
netic field at absorption peak = 
480 nm

Fig. 5   a and b Electric and 
magnetic field distribution dia-
gram of the double absorption 
peak curve at = 641 nm; c and 
d Electric field and magnetic 
field distribution diagram of the 
single absorption peak curve = 
641 nm
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calculate the range of the penetration depth L of the inci-
dent light penetrating the Ag nano-block (23 nm<L<25 nm). 
When the thickness T (T=Zmax − Zmin≤ L, the SPP modes 
of the upper and lower interfaces are coupled. Zmax is a 
fixed value of 108 nm. When Zmin>83 nm, mode A will 
disappear from the spectral curve. This result is confirmed 
in Fig. 2. Mode A disappears completely near Zmin equal 
to 83 nm.

The sensitivity of the incident angle is often one of the 
main factors which affect the optical performance. Some 
related optical systems need to maintain specific optical 
characteristics at a large incident angle. Breaking the limi-
tation of the angle can make the application scenarios of the 
structure wider. Based on this, different absorption curves 
at the incident angles of 0◦ , 15◦ , 30◦ , and 45◦ are as shown in 
Fig. 6(a). With the incident angle increasing, the absorption 
intensity at 600 nm still maintains nearly perfect absorption, 
and the overall absorption rate will increase significantly. 
The perfect absorption of a specific wavelength can still be 
achieved at the incident angle of 45◦ . For the polarization of 
the incident light, we have carried out multiple comparisons, 
such as Fig. 6(b). Comparing the absorption spectrum curves 
of TM and TE waves at the two nano-block thicknesses, 
they maintain a high degree of consistency. It is proved that 
this structure is not sensitive to the polarization of incident 
light and can be used for depolarization optical systems. The 
insensitivity of the incident angle and the polarization state 
of the incident light broadens application range.

Conclusion

In summary, we have investigated a single-peak and double-
peak tunable plasma filter based on the IMIM structure in 
the visible light to near-infrared (0.4–1 µm). By adjusting 
the thickness ratio of the SiO2 layer and the Ag layer in the 
nano-block, flexible control can be achieved while ensuring 
the perfect absorption of single-peak mode and double-peak 
mode. Through the SPP mode, the coupling between SPP 
modes, and the gap plasma mode, the physical mechanism 

of absorption at each position is revealed. Finally, it is con-
firmed that the structure is insensitive to the angle and polar-
ization of the incident light. In addition, combined with the 
excellent characteristics of absorption spectrum, the appli-
cation in optical switches is proposed, which broadens its 
application range. At the same time, the advantages of struc-
ture thickness ratio modulation and size miniaturization are 
suitable for integration with photonic devices.
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