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Ultra-broadband plasmonic perfect absorber based on
titanium-aluminum oxide strip multilayer structure

F. CHEN", Y. XU
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In this paper, an ultra-broadband perfect absorption has been demonstrated by using titanium-aluminum oxide (Ti — Al,O,)
strip grating metamaterial structure in the visible and near-infrared region. Numerical simulations of the finite-difference
time-domain (FDTD) method indicate that perfect absorption with an average absorbance of 96.8 % can be achieved from
471 nm to 2278 nm, with 90 % absorption bandwidth over 1807 nm and the peak absorption is up to 99.6 %. Ultra-broadband
perfect absorption is achieved due to the excitation of localized surface plasmon resonance and propagating surface
plasmon resonance. Angle independent up to 20° of the proposed absorber is also investigated. Moreover, the effects of
geometrical sizes and metal material on absorption performance are studied in details. The proposed absorber possess the
advantages such as, ultra-broadband, high average absorption, easy fabricate and simple structure. The proposed
ultra-broadband perfect absorber may find potential application in solar cell, plasmonic detection in infrared range.
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1. Introduction

Metamaterial, a kind of man-made material with
special properties, has attracted numerous research
attention in recent years due to its unique physical
properties [1-5]. With this motivation, a lot of plasmonic
metamaterial nanodevices have been proposed and
investigated, such as plasmonic tunable absorbers [6-7],
plasmonic filters [8], plasmonic sensors [9], cloaking[10].
Plasmonic perfect absorber (PPA) has been attracted lots
of attention since its wide application in plasmonic sensing,
solar energy, optical imaging and detection [9,11-13].
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 [14-15].

Since the first PPA was proposed by Landy et al. in
2008 [16], many metallic nanostructures with either
polarization-insensitive or polarization-sensitive
absorption have been investigated theoretically and
demonstrated experimentally. For example, in 2011, K.
Aydin et al. investigated an absorber consisting of a
metal-insulator-metal stack and crossed trapezoidal arrays,
the absorber can improve the efficiency of solar cells in
the visible range [17]. In 2018, Wang et al. numerically
studied multispectral metamaterial absorbers based on a
periodic sub wavelength array of nanogrooves
side-coupled to nanorings [18]. Very recently, our group
reported a tunable plasmonic perfect absorber based on
multilayer graphene strip grating structure [19]. Further we
also reported a double-band PPA based on dielectric
grating and Fabry-Perot cavity [20]. Huang et al. proposed

and studied ultra-broadband perfect absorbers based on
dielectric semiconductor-metal trilayers structure in
near-infrared range [21]. Compared to narrow band PPA,
broadband PPA is more valuable in application such as
photodetectors, thermal emitters and photovolatics [22-23].
In order to produce broadband PPA, Ti and Al are often
used, since its price is much lower than Au and Ag, and the
large imaginary part of dielectric function of Ti make it
possess high loss, which is benefit to broadband PPA. For
broadband PPA, Chen et al. proposed a highly efficient
ultra-broadband perfect absorber with a Al-SiO,-Si-Ti
four-layer structure. Xu et al. proposed an ultra-broadband
absorber based on a thin metamaterial nanostructure
composed of a periodic array of Ti-SiO, cubes, which
show perfect absorption with average absorbance of 97%
from visible to near-infrared.

In this paper, combined the Ti-Al,O; strip grating
with uniform  Ti-Al,O; layer and substrate, an
ulta-broadband perfect absorber spanning a broad range
from 471 to 2278 nm is achieved. The position of
absorption bandwidth can be tuned by changing
geometrical sizes such as the grating width, period and
height. The designed ulta-broadband perfect absorber has
excellent absorption stability over a wide angle range of
incidence around +20°. The proposed metamaterial
structure not only has a simple structure, low cost,
ultra-broad bandwidth, but also can be fabricated with
lithography and deposition methods. The results of this
paper can find potential application in solar energy,
thermal emitters and detection in the infrared range
[24-27].
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2. Model and theory

The proposed ultra-broadband perfect absorber is
schematically illustrated in Fig. 1 (a), Ti—Al,Q, strip
grating is placed on the surface of a uniform Ti— Al O,
layer and coated witha Ti substrate. Fig. 1 (b) is the side
view of unit cell of the proposed plasmonic absorber.
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Fig. 1. (a) Schematic diagram of the proposed broadband
plasmonic absorber, a periodic titanium-aluminum oxide
strip is placed on the surface of a uniform MDM
structure. (b) Unit cell of the side view of the proposed
plasmonic absorber, p. d stand for the period, width of
Ti-Al,O5 strip, t;, t,, t3, t;, and ts represent for the
thickness of the Ti - Al,Oj strip, Ti layer, Al,O3 layer and
Ti substrate (color online)

The geometrical parameters are as follows: The
thickness of Ti strip, Al,O3 strip, Ti layer, Al,O3 layer and
Ti substrate are ty, t,, t3, t; and ts. The period and width of
Ti-Al,O; strip are p and d. Due to the periodicity of the
proposed structure, the simulation domain is made up of a
single unit of the structure with periodic boundary
conditions are imposed in the x and y direction, while in
the Z direction, a perfectly matched absorption boundary
condition is used. A plane wave source with polarization
along x direction is normally incident from Z direction.
With the transmittance (T(A)) and reflectance (R(A))
obtained from two 2D frequency-domain power monitors,
the absorption ( ACA)) of the plasmonic absorber can be
calculated by the relationship: ACL) =1-T(A)—R(A) .
In the proposed structure, as the 270 nm thick Ti substrate,
the transmittance is almost zero, therefore the absorption
ACA) can be represented by A(A)=1-R(A). In the

following FDTD simulations, the permittivity of the Al,O;
layer is set to 1.76. The frequency-dependent complex
permittivity of Ti is from Palik [28].
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Fig. 2. FDTD calculated absorption spectra of the proposed
structure with TE polarization. The geometrical parameters are:
t,=117nm. t, =23nm.t, =10 nm,t, =120nm, t; =270 nm,
p =300 nm, d =120 nm

Fig. 2 shows the numerically calculated absorption
spectra with t -117nm , t,=23nm , t,=10nm ,
t,=120nm, t,=270 nm, p=300nm, d =120 nm. It can be
noticed that the proposed absorber exhibits a high
absorption over 90% in a wide wavelength range from 471
nm to 2278 nm. The 90% bandwidth is about 1807 nm, the

average absorption is calculated by

A=Lf A(A)dAI(A, —A,), where A and ,are 2278 nm

and 471 nm, respectively. The average absorbance over
this band is about 96.5%. And two absorption peaks at 609
nm and 1479 nm, with corresponding absorptance about
99.4% and 99.6%, respectively. The bandwidths and
absorption efficiency are better than other related
plasmonic absorbers structures [29-30]. To investigate the
physical mechanism of the ultra-broadband perfect
absorption effect, we examined the steady-state electric

field |E[*and magnetic field |H|”distributions of the unit

cell. Fig 3 (a)-(d) shows the magnetic field [H[’
distributions of the section X—Yy plane for four

wavelengths A =1.19 m,1.39zm, 1.7 zm, 2.05um.
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Fig. 3. Numerically simulated distribution of magnetic field (\H ‘2) (a)-(d), electric field (‘E‘z) (e)-(h) of the section X—2Z
planeat y =0 for four wavelengths 1 =1.19m,1.39m, 1.7 zm, 2.05.m (color online)

In Fig. 3 (), at short wavelength of 1.19 um, one part
of magnetic field is strongly confined in the Al,O; strip
under the Tj strip, another part of magnetic field is
strongly confined in the air gap between neighbouring
cells, which implying that the perfect absorption at short
wavelength is originated from the excitation of
propagating surface plasmon. At long wavelength 2.05 zm,
from Fig. 3 (d) it can be noticed that the magnetic field is
strongly confined in the Al,Oj3 strip and the lower Al,O;
layer. Localized surface plasmon leads to the perfect
absorption. From Fig. 3 (b) and (c), the absorption is
originated from the hybridization between localized
surface plasmon and propagating surface plasmon. Fig. 3
(e)-(h) depict the steady state electric field \E\Z of of the
the section X—Y plane, it can be noticed that two
dipoles resonance are occurred and electric field
distributions confined at the edges of upper and lower
surfaces of the Ti strip along X direction. Since the
Ti layer is only 10 nm, the input electromagnetic wave
bounces back between the top Ti strip and lower Ti
substrate, just like a Fabry-Perot resonator with low
quality factor (Ti is a highly lossy metal), the combination
of FP resonance, localized surface plasmon and
propagating surface plasmon make the absorption
bandwidth broaden. For TM polarization, Figs. 4 and 5
show the numerically calculated absorption spectra and
field distributions. It can be noticed that the proposed
absorber exhibits a secondary absorption about 56% in the
wavelength of interest. Since the proposed structure is
infinite in y direction without centrosymmetry, therefore
the proposed absorber is polarization dependence.
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Fig. 4. FDTD calculated absorption spectra of the
proposed structure with TM polarization, the other
geometrical parameters are the same with Fig. 2

(a)1l.19um (e) 1.19 um (f) 1.39 um

(©) 1.7 um (d) 2.05 um (9) 1.7 um (h) 2.05 um
Fig. 5. Numerically simulated distribution of magnetic
field (‘H ‘2) (a)-(d), electric field (‘E‘Z) (e)-(h) with

TM polarization (color online)

To investigate the influence of geometrical sizes on
the absorption performance of the proposed structure. Fig.
6(a) shows the evolution of the absorption with the
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parameter d. It can be observed that when the width of the
Ti-Al,O5 strip increases from d = 100 nm to 140 nm with
fixed p = 300 nm, the corresponding two absorption peaks
are red shifted and the absorption peak at the long
wavelength redshift more obvious, therefore, the
bandwidth are broaden with increasing the width d . And
the absorptance between the two absorption peaks
decreased with the increase of d. Fig. 6 (b) shows the
absorption spectra of the proposed structure with various p,
when the period decreases from p = 300 nm to 220 nm, the
bandwidth increases and the absorptance between the two
absorption peaks decreased. This characteristic indicates
that the absorption performance of the proposed absorber
can be tuned by changing the width and the period.
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Fig. 6. Numerical calculated absorption spectra of the

proposed structure with various geometrical sizes (a) the

width of Ti-Al,Oj strip d from 100 nm to 140 nm (b) the
period p from 300 nm to 220 nm (color online)

The absorption spectra with different Ti strip heights
t, are showed in Fig. 7(a), it can be seen that when the

height of the Ti strip increases from t, =97 nm to 137 nm,

the corresponding absorptance increases but the bandwidth
decrease as well, this is because Ti is a highly lossy metal

material, a thinner Ti strip means a lower lossy and a
stronger coupling. With increasing t, =97 nm to 137 nm,
the average absorption increases from 95.8% to 96.3%,
96.8%, 97.4% and 97.8%. Therefore, the height of Ti strip
in the proposed absorber was selected 117 nm. The
absorption spectra with different Al,Oz layer heights t,
are showed in Fig. 7(b), it can be seen that when the height
of the Al,O5 layer increases from t, =120 nm to 160 nm,
the corresponding absorption band red shifts. This is
because the effective resonance wavelength of FP cavity
increases as t, increases.  With  increasing
t, =120 nm to 160 nm, the average absorption decreases
from 96.8% to 96.3%, 95.9%, 95.4% and 95.1%.
Therefore, the absorption peaks can be tuned by changing
the heights of the Ti strip and Al,O; layer.
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Fig. 7. Numerical calculated absorption spectra of the
proposed structure with various heights of the Ti strip t;
and Al,O; layer t, (color online)
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Fig. 8. Absorption spectra with different metals, the Ti is
replaced by silver (Ag), aluminum (Al), nickel (Ni) (color online)

For a thorough study, we investigate the impact of
metal material by replacing the Ti with several commonly
used metals while keeping the geometry parameters
constant. It can be noticed that the metal largely affects the
performance of the proposed absorber. When using
aluminum and silver, the absorption spectra exhibit narrow
resonances around 635 nm/853 nm or 501 nm/644 nm,
corresponding to the FP and SPP resonances. When using
nickel, the absorption spectra exhibit even higher but the
absorption band is up to 1251 nm. Since the top metal
layer is not only related to the Q factor of the FP resonance
cavity, but also the coupling strength of the cavity mode,
the intrinsic dispersion property and highly lossy of Ti lead
to a high absorption over 90% in a wide wavelength range
from 471 nm to 2278 nm.

To investigate the incident angle on the absorptance of
the proposed structure. As shown in Fig. 9, incident angle
is increased from 0° to 40° the spectral absorption are
almost no change under 20° but the bandwidth decreases
as the incident angle increases to 30° and 40°. Since the
proposed structure is highly symmetrical in x direction, the
proposed plasmonic absorption response is retained well in
a wide angle range + 20°. Fig. 9 (b) shows the average
absorption as a function of the incident angle. With
increasing the incident angle from 0° to 60°, the average
absorption decreases from 96.8% to 96.7%, 96.3%, 95.9%,
95.3%, 95.1% and 94.8%, the results indicate that the
proposed plasmonic absorption is independent in a wide
incident angle. These characteristics are valuable for
applications in the solar cell, since in real system, the
incident angle of solar light is unequal.
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Fig. 9. (a) Absorption spectra with different incident
angles from0° to 40° (b) Average absorption asa
function of the incident angle (color online)

3. Conclusion

In conclusion, an ultra-broadband plasmonic absorber
based on Ti - ALO;— Ti - Al,O3 - Ti five-layer structure has
been studied numerically. Results show that bandwidth of
absorption over 90% can reach 1.8 um. The combination
of FP resonance, localized surface plasmon and
propagating surface plasmon in the two MIM absorbers
leads to the ultra-broadband absorption. The absorption
average remains higher than 94.8% with an incident angle
up to 60°. Effect of geometrical sizes, such as the strip
width, period and height on the absorption performance is
studied in detail. Effects of different metal materials on the
absorption performance are compared to investigate the
characteristics of the proposed absorbers. The proposed
absorber possess advantages such as, ultra-broadband,
high average absorption, easy fabricate and simple
configuration. Without using noble metal resulting in low
manufacturing process cost. It is believed that the
proposed absorber has potential application solar energy,
thermal emitters and detection in the infrared range.
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