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Abstract. To achieve efficient absorption of the visible spectrum, this work presents a three-
layer metasurface visible-light absorber based on a metal-insulator-metal (MIM) stacked
structure, with titanium nitride (TiN) employed as the top-layer material in place of the
conventional noble metal.The absorber adopts gold (Au) as the substrate material, silicon
dioxide (SiO₂) as the intermediate dielectric layer, and the top‑layer TiN pattern is designed
as irregular polygonal columnar structures.Simulation calculations are performed to
evaluate the absorption performance and electric field distribution. The results indicate that
the proposed absorber achieves an average absorptivity of 94.83% over the 300-1000 nm
wavelength range. Combined with the analysis of the electric field distribution maps, it is
revealed that the top layer of the structure supports both localized surface plasmon
resonance (LSPR) and Fabry–Pérot (FP) cavity resonance. This synergistic effect enables an
absorptivity exceeding 95% across the 671-1000 nm band, with a peak value of 99.88%
near 739 nm, thereby realizing perfect absorption.
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1. Introduction

Metasurfaces are a class of two-dimensional planar structures belonging to the family of
metamaterials [1]. Composed of periodically arranged subwavelength artificial unit cells, they can
overcome the limitations of conventional materials in terms of volume, functionality, and other
aspects [2-4]. Among them, metasurface absorbers (MSAs) have attracted considerable attention [5,
6]. Currently, visible-light metasurface absorbers still suffer from two major shortcomings: in terms
of materials, the conventional metals used as the absorbing medium are costly and exhibit poor
thermal stability; in terms of structure, most designs adopt hollow-shell models or ultra-multilayer
stacks, which are not amenable to large-scale fabrication.

To address the above issues, this paper proposes a novel visible-light metasurface absorber based
on a three-layer Au-SiO-TiN structure. Distinct from existing absorber designs, the top layer
innovatively employs an irregular columnar pattern incorporating corner cutting, elliptical holes, and
other geometric elements to achieve perfect absorption in the 300-1000 nm wavelength range. Using
the finite element method, this work focuses on investigating its absorption characteristics, electric
field distribution, and the underlying physical mechanisms, as well as exploring the influence of
geometric parameters on the spectral absorption performance.
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2. Structural design

The solar absorber proposed in this work follows the classic metal–insulator–metal three-layer
nanoarray structure, but replaces the conventional noble metal in the top resonant elements with
titanium nitride (TiN) ceramic, as shown in Figure 1. From bottom to top, a gold (Au) reflective
layer suppresses transmission; a silicon dioxide (SiO₂) layer with a refractive index of 1.45 serves as
the dielectric spacer and provides a propagation channel for electromagnetic waves; and the top
layer consists of an array of irregular polygonal pillars made of TiN, as illustrated in Figure 1(b).
The period of the unit cell is p, and the thicknesses of the individual layers are h1,h2 and h3. The
basic shape of the top TiN pattern is a square with side length w1. Asymmetric modifications are
applied to the unit cell to introduce multiple geometric degrees of freedom: three of its corners are
truncated by a quarter-circle of radius w2, while the remaining corner is cut out by a square notch of
side length w2. At the center of the unit cell, two concentric elliptical holes are placed, with semi-
axes (a1,b1) and (b1,a1) arranged orthogonally to each other, as shown in Figure 1(c). The values of
the relevant parameters are summarized in Table 1.This asymmetric, multi-scale geometric design of
the top layer aims to introduce rich plasmon hybridization modes [7], effectively broadening the
absorption bandwidth of the absorber through electromagnetic coupling among multiple resonant
elements across a wide spectral range.

Figure 1. Schematic of the absorber

Table 1. Physical parameters of the proposed absorb

Parameter Value/nm Parameter Value/nm
h1 400 w1 230
h2 110 w2 60
h3 400 a1 65
p 500 b1 55

Figure 2 shows a schematic illustration of the fabrication process of the solar absorber.The silicon
substrate was sequentially cleaned by ultrasonication in acetone and deionized water. Then, Au and
SiO2thin films were successively deposited by magnetron sputtering to serve as the back reflector
layer and the dielectric spacer layer, respectively. The top TiN irregular polygonal columnar patterns
were fabricated using ultraviolet (UV) lithography combined with a lift-off process. Specifically, a
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photoresist was uniformly spin-coated onto the SiO2 surface, followed by pre-baking, selective UV
exposure, developing, and hard-baking, yielding a photoresist mask complementary to the target
pattern. Subsequently, a TiN thin film was deposited using the same magnetron sputtering
parameters as those for the bottom layers. Finally, the photoresist was removed with acetone,
resulting in a periodic array of irregular TiN columnar structures.

Figure 2. Schematic of the fabrication process

3. Result and analysis

In this study, the optical performance of the absorber was numerically simulated using COMSOL
software based on the finite element method (FEM). In the simulation, the incident light source was
set as a plane wave with a wavelength range of 300 nm to 1000 nm. Perfectly matched layers
(PMLs) were applied in the z-direction to eliminate errors caused by non-physical reflections from
the computational boundaries [8-10]. Periodic boundary conditions were imposed in the x and y
directions. Reflectance and transmittance monitors were placed above the irregular TiN columnar
array and below the Au substrate, respectively. Since the thickness of the Au reflecting bottom layer
is much greater than the skin depth of the incident light, the transmittance (T) is approximately zero
[11-14]. Consequently, the absorptance can be calculated as:

(1)

where   refers to the absorptance and   refers to the reflectance [11-14].

3.1. Absorption performance

The proposed absorber exhibits an average absorptivity of 94.83% over the wavelength range of
300-1000 nm, essentially achieving perfect absorption, with its absorption spectrum shown in Figure
3. The absorptivity remains consistently above 95% in the 671-1000 nm band, a phenomenon
attributed to the asymmetry of the top-layer pattern. Four distinct absorption peaks are observed in
the spectrum, and their corresponding absorptivity values are listed in Table 2.

Figure 3. Absorption spectrum of the metasurface

A = 1 − R

A R
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Table 2. Absorption peaks and their corresponding wavelengths

Wavelength/nm Absorption Wavelength/nm Absorption
345 94.62% 739 99.88%
442 94.33% 947 98.45%

3.2.  Absorption mechanism

Localized surface plasmon resonance (LSPR) phenomena are observed on both sides of the irregular
TiN unit structures, as shown in Figure 4. By comparing Figure 4(a) and (b), it is found that near λ =
945 nm, the electric field distribution further penetrates into the SiO₂ dielectric layer. This
observation indicates that strong coupling occurs between the LSPR mode of the top TiN layer and
the Fabry–Pérot (FP) cavity resonance [15] formed by the Au/SiO₂/TiN structure, giving rise to a

hybrid LSPR‑FP resonant mode.

Figure 4. Electric field  distribution

3.3. Influence of structural parameters on absorption performance

In this paper, the control variable method is employed to analyze the absorption performance of the
device by varying the top-layer TiN thickness  h3 and the unit-cell feature width  w1 individually,
while keeping other parameters fixed. Table 3 lists the average absorptivity of the device for
different values of  h3 and w1.

Table 3. Average absorption versus structural parameters

h3/nm Average absorption w1/nm Average absorption

350 93.51% 210 90.65%
400 94.50% 220 93.36%
739 94.57% 230 94.50%
947 94.06% 240 94.31%

Figure 5 shows the influence of structural parameters on absorption.As shown in Figure 5(a), the
highest average absorptivity is achieved at h3=450 nm; however, the absorption spectrum exhibits a
notable absorption dip near    = 640 nm. At h3= 400 nm, the average absorptivity is only 0.07%

|E|

λ
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lower than the maximum value, while the absorption spectrum is more stable. Consequently, h3= 230
nm is determined as the optimal thickness. As depicted in Figure 5(b), the average absorptivity
reaches its peak at w1=230 nm as the lateral dimension of the unit cell increases; further increasing
the dimension to 240 nm leads to a slight decrease in the average absorptivity. Therefore, w1=230
nm is chosen as the optimal width.

In summary of the above parameter analysis, the top-layer thickness h3 primarily affects the
coupling efficiency between the LSPR and FP cavity modes, while the unit feature width w1 governs
the peak position of the localized plasmon resonance. Together, they collectively regulate the
effective superposition of electromagnetic resonances across the visible spectral range.

Figure 5. Influence of structural parameters on the absorptance

4. Conclusions

The metasurface absorber designed in this paper replaces the conventional noble metals such as gold
and silver in the top layer of the traditional metal-insulator-metal stacked configuration with
titanium nitride (TiN). The top-layer TiN adopts irregular columnar structures to excite LSPR
modes. The absorber achieves an average absorptivity of 94.83% over the 300-1000 nm wavelength
range, realizing perfect absorption. The design introduces elements such as corner cutting and
elliptical holes to form an asymmetric geometry, which leads to strong coupling between the LSPR
modes and the Fabry–Pérot (FP) cavity resonance constituted by the Au/SiO2/TiN structure. As a
result, the absorptivity exceeds 95% in the 671-1000 nm band. The research in this paper will have
broad application prospects in photovoltaic cells, ultra-sensitive optical sensors, radar shielding, and
other directions.
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