OPTOELECTRONICS AND ADVANCED MATERIALS — RAPID COMMUNICATIONS

Vol. 19, Iss. 9-10, September-October 2025, p. 430 - 435

Ultra-broadband plasmonic absorber based on titanium

nanoholes array structure

S. XIONG!, B. LIU?, F. CHEN?"

"Yangtze University College of Aits and Science, Jingzhou 434023, China
2School of Physics and Optoelectronic Engineering, Yangtze University, Jingzhou, 434023, China

This paper demonstrates an ultra-broadband plasmonic absorber utilizing a titanium nanohole metasurface in the infrared
region. Numerical simulations based on the finite-difference time-domain (FDTD) method reveal that the maximum
absorption reaches approximately 96.4 %, with a 90 % absorption bandwidth exceeding 1415 nm. The broadband absorption
is attributed to the excitation of the hybrid cavity-plasmon mode and gap plasmon coupling between adjacent nanoholes.
Additionally, the effects of various metal materials and geometrical configurations on the proposed absorber are
systematically investigated. We anticipate that this ultra-broadband absorber holds significant potential for applications in

solar cells and infrared plasmonic detection.
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1. Introduction

Plasmonic absorber (PA), an important branch of
optical devices, has attracted much research attention in
recent years due to its unique ability to trap light beyond
the diffraction limit [1-6]. With this motivation, a lot of
plasmonic devices based on plasmonic absorbers have
been proposed and investigated, such as plasmonic tunable
absorbers [7-15], solar energy harvesting [16], plasmonic
sensors [17-18], thermal emission and photodetections
[19]. PA has attracted a lots of attention since it can
achieve strong absorption for the incident light in the
infrared and visible regions [20-21]. There are numerous
ways to enhance the absorption of incident light, such as
surface plasmon polaritons and magnetic dipolar
resonance, localized surface plasmon and FP cavity mode
resonance [22-24].

PA can be classified as narrow-band absorption and
broadband absorption. In our previous paper [25-27], we
investigate narrow-band absorption based on metamaterial,
such as hexagonal-nanorods structure, dielectric-grating
and Fabry Perot cavity structure, multilayer-graphene strip
grating structure. Compared to narrow-band PA,
broadband PA is more valuable in applications such as
photodetectors, thermal emitters, and photovolatics
[28-29]. Over the past few years, many metallic
nanostructures with either polarization-insensitive or
polarization-sensitive broadband absorption have been

investigated theoretically and demonstrated experimentally.

For example, in 2018, Xu. P. et al. proposed an
ultra-broadband absorber based on a thin metamaterial
nanostructure composed of a periodic array of
titanium-silica cubes and an aluminum bottom film, the

absorber can achieve 90% absorption bandwidth over 712
nm [30]. In 2017, Ye et al. demonstrated a broadband
terahertz absorber with near-unity absorption based on a
net-shaped periodically sinusoidally-patterned graphene
sheet [31]. Cheng et al. reported the design, fabrication,
and measurement of a broadband metamaterial absorber,
which consist of lossy frequency selective surface and a
metallic ground plane separated by a dielectric layer [32].
In order to produce broadband PA, Ti, and Al materials are
often used, since their price is much lower than Au and Ag,
and the large imaginary part of dielectric function of Ti
makes it possess high loss, which is benefit to broadband
PA.

In this paper, an ultra-broadband perfect absorber
spanning a broad range from 1179 nm to 2417 nm is
achieved based on a periodically nanohole metal-
dielectric-metal multilayer structure. The ultra-broadband
absorption can be attributed to excitation of plasmon
resonance coupling and the trapping plasmon resonance in
the dielectric cavity, the position of absorption peak,
bandwidth, and absorptance can be tuned by changing
geometrical sizes such as the length and width of the
rectangular-nanohole, period and the thickness of 7i layer
and dielectric layer. The designed ultra-broadband perfect
absorber exhibits polarization independence. The proposed
PA not only has a simple structure, low cost, ultra-broad
bandwidth, but also can be fabricated with standard film
deposition, colloidal crystal template, and electron beam
lithography methods. The designed absorber can find
potential applications in solar energy, thermal emitters, and
other plasmonic devices [33-34].
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2. Geometry and simulation method

The proposed ultra-broadband  absorber is
schematically illustrated in Fig. 1 (a), which consist of 7i
rectangle nanoholes array placed on the surface of
dielectric layer (Si0O:-A[:03) and coated with a Al
substrate. Fig. 1 (b) is the side view of unit cell of the
proposed plasmonic absorber. The geometrical parameters
are as follows: The thickness of 7i layer, SiO; layer, A1,O3
layer and A/ substrate are ¢;, , 3, ts. The period and size
of the rectangle nanoholes are P, @ and b. In the
simulation, periodic boundary conditions were applied in
the x and y directions to account for the infinite periodicity
of the nanohole array. Perfectly matched layers (PML)

@

With the transmittance (7(4)) and reflectance (R(4))
obtained from two 2D frequency-domain power monitors,
the absorption (A4(4)) of the plasmonic absorber can be
calculated by the relations: A(AD) =1-T(D—R(AD . In
the proposed structure, as the 300 nm thick A4/ substrate,
the transmittance is therefore the
absorption ACA) can be represented by A =1—R(A).
In the following FDTD simulations, the permittivity of the
Si0; and AL0; is set to 1.45, 1.76, respectively. The
frequency-dependent complex permittivity of 7i, A/, Ag,
Ni, Au, Cu are taken from Palik [33].

almost  zero,

with 16 layers were implemented in the z direction to
absorb outgoing waves and minimize spurious reflections.
A plane wave source with x-polarized electric field was
employed, covering the wavelength range of 750-3250 nm
to match the target infrared spectrum. The source was
placed 500 nm above the structure to ensure normal
incidence and avoid near-field coupling artifacts. The total
simulation area is 1200 nm X 1200 nm, and a uniform
mesh with a minimum grid size of 5 nm was adopted near
the Ti nanoholes and dielectric interfaces to resolve
subwavelength plasmonic effects. Simulations were
iterated until energy decay to 1le™ of the initial value to
ensure steady-state convergence.

(b)
Fig. 1. (a) The schematic diagram of the proposed broadband plasmonic absorber composed of multilayer Ti-SiO2-A1>03-Al
structure. (b) Top view of one unit of the proposed periodic structure (colour online)

peak peak2

\_._;-/h [

Absorption
o © o o
(=] ~ [x:] [{<]
. . .

e
o
T
.

>90%

o
N
.
.

BW=1415 nm
03 1

O'EOO 1 ObO 15b0 2(1‘)0 25‘.’)0 30‘00 3500
Wavelength (nm)
Fig. 2. The absorption spectrum of the proposed broadband
plasmonic absorber calculated by FDTD. (The geometrical
parameters were set as t1 = 50 nm, t2= 120 nm, t; = 80 nm,
ts =300 nm, a = 400 nm, b = 400 nm, p = 600 nm
(colour online)
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Fig. 2 shows the numerically calculated absorption
t,=50nm , t,=120 nm , t;,=80nm ,
t,=300 nm, a=b=400nm, p=600nm. It can be

spectra  with

noticed that the proposed absorber exhibits a high
absorption over 90% in a wide wavelength range from
1078 nm to 2493 nm. The 90% bandwidth is about 1415
nm, the average

absorption is calculated by

A= Lil AA)A /(A —A,), where A and A, are 2493

nm and 1078 nm, respectively. The average absorbance
over this band is about 92.8 %. And two absorption peaks
at 1179 nm and 2417 nm, with corresponding absorbance
about 96.4 % and 91.4 %, respectively. Compared to other
related plasmonic absorber structures, the bandwidths and

absorption efficiency are excellent [36].

2
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Fig. 3. (a), (b) Electric field |E,
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(colour online)

To investigate the physical mechanism of the
ultra-broadband absorption effect, we examined the
steady-state electric-field |E-|, |E,| and magnetic-field |Hy|
distributions of two unit cells. Figs. 3 (a)-(b) shows the

electric-field |E-| distributions of the section x - y plane for

two peak wavelengths A = 1179 nm, 2417 nm. In Fig. 3 (a),
at a short wavelength of 1179, most of the electric-field is
strongly confined in the rectangular nanoholes, Localized
surface plasmon resonance (LSPR) at the Ti nanohole
edges (Fig. 3a), confirmed by strong -electric field
enhancement and dipolar distribution. Figs. 3 (c) and (e)
show the steady-state electric - field |Ey| and magnetic —
field |HYy| distributions of the section x - z plane. It can be
noticed that plasmon dipolar resonant occurs at the edge of
the nanohole. At a long wavelength 2417 nm, from Figs. 3
(b), (d), (f) it can be observed that the strong electric-field
is confined in the gap between adjacent nanoholes and the
dielectric layer. Since the input electromagnetic wave
bounces back between the top 7i layer and lower A/
substrate, just like a Fabry-Perot resonator with low
quality factor, the hybrid cavity-plasmon mode formed by
Fabry-Pérot (FP) resonance in the SiO./AlOs dielectric
gap and gap plasmon coupling between adjacent

nanoholes makes the absorption bandwidth broaden [37].
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Fig. 4. The absorption spectra of the broadband plasmonic
absorber with different polarization angles (colour online)

To investigate the influence of polarization angle on
the absorption performance of the proposed structure. Fig.
4 shows the evolution of the absorption with the
polarization angle of the incident light. It can be observed
that when the polarization angle increases from 0 deg to 90
deg, the broadband absorption remains unchanged, This
characteristic indicates that the proposed absorber is
highly polarization independent. Since the rectangular
nanoholes distribution is symmetrical in x and y directions,
and the localized plasmonic resonant mode in the nanohole,



Ultra-broadband plasmonic absorber based on titanium nanoholes array structure 433

the two factors together lead to the polarization-insensitive
broadband absorption [38].

To investigate the effect of structural parameters on
the absorption spectra. Fig. 5(a) illustrates the evolution of
the absorption with the parameter of nanohole a, keeping
the other structural parameters constant. It can be seen that
when a<150 nm, the corresponding absorbance is small,
this is because a smaller nanohole means a big gap
distance and a weaker plasmonic resonance coupling. With
increasing a = 150 nm to 400 nm, the absorption
bandwidth increases. However, when increasing a from
400 nm to 500 nm, the absorption bandwidth decreases.
The absorption spectra with different widths of nanohole
b are shown in Fig. 5(b), it can be seen a similar effect,
as the increasing of b, the bandwidth first increases and
then decreases. Therefore, the length and width of the
rectangular nanohole in the proposed absorber were
selected 400 nm.
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Fig. 5. The absorption spectra of the broadband plasmonic
absorber with different parameters (a) length of air nanohole a .
(b) width of air nanohole b (colour online)
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To investigate the thickness of the film on the
absorbance of the proposed structure. As shown in Fig. 6
(a), the thickness of 7i nanohole is increased from
t;=20 nm to 100 nm, the absorption bandwidth increases
but the absorbance becomes smaller. It can also be noticed
that when t; < 40 nm, the absorption is mainly located in
the high frequency region. Therefore, we can tune the
absorption intensity and bandwidth by selecting the
thickness of the metal layer. Fig. 6(b) shows the evolution
of the absorption with the parameter of dielectric layer
thickness #2, it can be seen that when the 7> increases from
80 nm to 160 nm, the absorption band red shifts, and the
maximum absorptance moves from the high frequency
region to the low frequency region. This phenomenon can
be explained by efficient resonant coupling with the
incident light by the localized plasmon resonance [39].
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Fig. 6. The absorption spectra of the broadband plasmonic
absorber with different parameters (a) thickness of Ti layer t].
(b) thickness of SiO: layer t2 (colour online)
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In practical applications, the effects of the material on
the absorption performances worth study. Firstly, as shown
in Fig. 7 (a), keeping the structural parameters constant,
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the top 7i metal is replaced by Ag, A, Ni. One can see that
when using Ag and A/, the absorption spectra exhibit
resonance in high frequency region. The
absorption peak is corresponding plasmonic resonance of
Ag and Al. When the top 7i metal is replaced by Ni, in
high frequency region, the absorption is even higher than
Ti, but the absorbance is quite low at longer wavelength.
When replacing the bottom A/ layer with Au, Ag, Cu. The
absorption characteristic is slightly changed. It indicates
that the bottom layer is regarded as a back reflector. The
proposed ultra-broadband plasmonic absorber holds
significant promise for advanced optoelectronic and
energy-related applications due to its high absorption
efficiency (90% over 1415 nm bandwidth) and
cost-effective titanium-based design. Key potential
applications include: the broadband absorption spanning
1179-2417 nm (covering near-infrared to
short-wavelength  infrared) enables high-sensitivity
detection in night vision, environmental monitoring, and
medical imaging systems. Polarization independence
ensures robust performance under arbitrary illumination
conditions. With 92.8% average absorptionacross the
simulated range, the absorber can enhance solar-thermal
conversion efficiency in concentrated solar power (CSP)
systems by minimizing reflection losses. Its compatibility
with high-temperature stability (via Ti/Al2Os layers) suits
concentrated solar applications. The use of Ti (instead of
Au/Ag) ensures cost scalability and CMOS compatibility
[40], while the simple geometry (rectangular nanoholes)
facilitates  large-area  fabrication via nanoimprint
lithography or colloidal templating [41]. Further
experimental validation could target integration into
photovoltaic-thermal ~ (PV-T)  hybrid systems or
multispectral imaging chips. The fabrication process of the
proposed titanium nanoholes array-based absorber
involves the following steps: First, a 300 nm-thick
aluminum substrate is deposited via standard physical
vapor deposition (PVD) techniques [42]. Subsequently, an
80 nm AlOs layer and a 120 nm SiO- dielectric layer are
sequentially deposited using plasma-enhanced chemical
vapor deposition (PECVD). A 50 nm titanium film is then
sputtered onto the dielectric stack. The rectangular
nanoholes array (400 nm x 400 nm dimensions with 600
nm periodicity) is patterned on the titanium layer through
a combination of colloidal crystal template self-assembly
and reactive ion etching (RIE), or alternatively using
electron beam lithography (EBL) for precise nanoscale
feature definition. Finally, the structure is completed with
optional post-processing steps such as oxygen plasma
cleaning to remove residual contaminants. This fabrication
approach  leverages established nanomanufacturing
methods compatible with large-area production while
maintaining subwavelength structural precision [43].
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Fig. 7. The absorption spectra with different top and bottom
metals. (a) Top Ti layer replaced by silver (Ag), aluminum (A1)
and nickel (Ni). (b) Bottom Al substrate replaced by gold (Au),

silver (Ag) and copper (Cu) (colour online)

3. Conclusions

In conclusion, we have proposed an ultra-broadband
plasmonic absorber with a nanostructure configured by
Ti - SiO, — Al,O, - Al layer and period rectangular
nanohole. Results show that the bandwidth of absorption
over 90 % can reach 1415 nm, and the average absorbance
over this band is about 92.8 %. The combination of the
trapping plasmon resonance in the dielectric cavity and the
excitation of plasmon resonance coupling leads to the
ultra-broadband absorption. Effect of geometrical sizes,
and different metal materials on the absorption
performance is studied in detail. Moreover, the proposed
ultra-broadband plasmonic absorber exhibits
polarization-independence. The designed absorber is not
only simple in structure and has high absorption, but also a
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big bandwidth. It is believed that these features can pave
the ways for solar energy, thermal emitters, and detection
in the infrared range.
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