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ARTICLE INFO ABSTRACT

Keywords: We numerically demonstrate an ultra-broadband plasmonic absorber by applying chromium and
Metamaterial titanium in a 3D metamaterial structure. One unit cell of the proposed absorber consists of
Absorber continuous Cr/SiO, multi-layers covered by two Ti nanodisks for exciting multiple magnetic
Ultra-broadband

dipole resonances and localized surface plasmon resonance. The optical simulation results show
that the average absorption of the plasmonic structure exceeds 98.4% in the wavelength range of
400- % in the wavelength range of 400 —4000 nm. The broadband and high absorption benefits
from impedance matching between the nanodisks array and the free space in the wavelength
range. Through thermal simulation, we also investigated the photothermal heating generation in
the plasmonic metamaterial structure. The temperature rise in the proposed structure is ap-
proximately 447 K with an incident wavelength of 618 nm and a light flux of 100 W/cm?. Due to
the ultra-broadband absorbing performance, the presented design has possibilities in the fields of
photodetector applications, solar energy harvesting, thermal emitters, and infrared cloaking.

1. Introduction

Plasmonic absorber has been getting much attention due to its potential application prospects [1-3]. It can be used in many
promising fields, such as plasma light-harvesting [4,5], spectral filters [6-9], solar photovoltaic power generation [10-14], thermal
radiometers [15,16]. Because of the absorption efficiency and bandwidth cannot meet the requirements, most plasmonic absorbers
are limited in practical applications. To overcome these disadvantages, Landy proposed and evidenced a perfect metamaterial ab-
sorber for the first time [17]. Zhu et al. designed a multi-layered complex structure of gold and silicon, and the average absorption of
this structure can get 95 % for a bandwidth of 1700 nm [18]. Deng et al. presented a broadband absorber by tapered hyperbolic
multilayer waveguides, and its average absorption exceeds 92 % in the range of 1000 —6000 nm [19]. Wu et al. put forward a
hollowed-out multi-layer ultra-wideband absorber with an average absorption above 97.8 % in the wavelength range from 40 to 1500
nm [20]. By adding an ultra-thin titanium nitride, Liu et al. demonstrated a broadband absorber with average absorption exceeding
97 % for the 316 — 1426 nm range [21]. Despite the great success of the above reports in the broadband absorber designing, it is still
challenging to achieve ultra-broadband absorption of visible and mid-infrared light with high efficiency for the real application
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Fig. 1. (a) Three-dimensional schematic and (b) cross-section of the proposed absorber.

environment.

In this paper, we have proposed and numerically investigated an ultra-broadband perfect absorber for absorbing visible light and
mid-infrared light (400 — 4000 nm). The proposed absorber consists of alternating chromium/silica (Cr/SiO,) planar films capped by
periodical nanodisks. First, a schematic diagram of the proposed absorber based on multiple magnetic dipole resonances and loca-
lized surface plasmon resonance (LSPR) is presented. Then optical simulation is performed to investigate the absorption char-
acteristics of the metamaterial structure by using the finite difference time domain (FDTD) method and the finite element method
(FEM). The proposed absorber demonstrates excellent performance in terms of wide bandwidth and high absorbing efficiency, si-
multaneously. The average absorption reaches 98.4 % for the 400 — 4000 nm wavelength range. As far as we know, the previously
reported either the average absorption efficiency is close to that of this work, but the bandwidth is much smaller; or even reach such a
large bandwidth, but the average absorption efficiency is several percentage points lower. Finally, the effect of photothermal heating
in the plasmonic nanostructure is analyzed through thermal simulation.

2. Design and simulation methods

Fig. 1(a) illustrates one unit cell of the plasmonic absorber. Two vertically stacked metal nanodisks are placed on the alternating
multilayered (SiO5/metal) continuous films. For convenience, the proposed absorber is abbreviated as TGSA (Ti-Cr- SiO, absorber).
The substrate is set as a quartz substrate with a thickness of 250 um. The cross-sectional view of the structure is shown in Fig. 1(b),
the thickness and radius of the upper Ti nanodisk are h; and R;, respectively. The thickness and radius of the lower Ti nanodisk are
denoted by h, and R,, respectively. P denotes the lattice constant of the metamaterial structure. In the following simulation, P is set to
be a constant with a value of 180 nm both in the x and y axes. From top to bottom, the thicknesses of the SiO, layers which are spaced
by Cr films are denoted by hs, hs, hy, and h, respectively. The thickness of the three layers of Cr films are set as hy, hs, and hg,
respectively. The bottom layer is an Au layer with a thickness of h;p = 300 nm, and it is used as a reflective layer for improving
absorption efficiency.

In the optical simulation, three-dimensional (3D) FDTD method is used to investigate its absorption characteristics. The
boundaries along the x and y axes are set as periodic boundary conditions, and the boundary at the z-direction is set as perfectly
matching layers (PML). In order to get more accurate simulation results, we did convergence testing for FDTD simulations. The mesh
sizes are set to be 5 X 5 nm for the x and y directions, and 1 nm for the z-direction, under this condition, the simulation results are
convergent. The refractive indexes of these materials used in the simulation are derived from experimental data [22,23]. The ab-
sorber is normally illuminated by a TM-polarized planar wave with the propagation direction along the negative z-direction. A power
monitor is placed directly above the light source to calculate the normalized reflection R(A). As the Au layer in the bottom is
sufficiently thicker than the penetration depth in the wavelength range, the transmission of the absorber is zero. Therefore, the
absorption can be represented as A(A) = 1-R(\). The average absorption can be calculated as [24,25]

2
A= [ AQdR - ) @
Where A; and A, are set to be 400 and 4000 nm, respectively.

We also perform thermal simulation for investigating photothermal heating in the proposed structure. The regions of thermal
simulation and optical simulation are identical in the x and y directions. But not the same, the thermal simulation involves the entire
thickness of the substrate for modelling the heat propagation through the quartz substrate. The boundary in the positive z-direction is
set as a convective boundary condition with a convective heat transfer coefficient h = 10 W/m?K. The boundary condition at the
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bottom is set as a fixed temperature thermal boundary condition (300 K). The optical simulation results are imported into the thermal
simulation module as an import heat source. A temperature monitor is placed surrounding the proposed metamaterial absorber to
record the temperature profile.

In order to better explain the ultra-broadband and high absorption performance, the impedance of the proposed structure is
detailed calculated and analyzed based on the impedance transformation method. According to [26,27], the impedance can be
derived from the S parameters as

—
[+ Si1)? = Sh

Z= 4 |t 22
V= S - 53 @
Because the transmission of the absorber is zero, the parameter S,; = 0. Hence, the Eq.(2) can be abbreviated as [28,29]
_ 11484l
T = Syl 3)

It is well known that the S;; can be obtained by

Sii = +RQ) 4

Hence, the impedance Z of the proposed structure is yielded by

N 1+ JRM)I

1= JRW)I 5)

3. Results and discussion

Fig. 2 (red curve) illustrates the absorption efficiency as a function of incident wavelength for the proposed structure. In the
simulation, the parameters are set as P= P, = P, = 180 nm, h; = 261 nm, R; = 50 nm, h, = 200 nm, R; = 70 nm, h3 = 5nm, hy =
4 nm, hs = 230 nm, hs = 5nm, h, = 360 nm, hg = 12 nm, hy = 355 nm, and h;p = 200 nm, respectively. In the following analysis,
if not specified, the parameters are unchanged. As shown in Fig. 2, we can see that the lowest absorption efficiency is over 86.2 % for
the entire simulation wavelength range. Calculated according to Eq. (1), the average absorption efficiency reaches up to 98.4 % in the
wavelength range of 400 —4000 nm. What’s more, the lowest absorption efficiency achieves 99.1 %, and the average absorption
exceeds 99.6 % for the range of 1200 — 3700 nm. Whether from absorption efficiency or perfect absorption bandwidth, the absorption
performance of the proposed absorber is significantly better than most of the previously published works. In previous reports, most of
the absorbers used precious metals (gold or silver) as the absorbing material. For comparison, we replaced the chromium in this
structure with gold. The similar absorber is abbreviated as TGSA (Ti-Gold- SiO, absorber). Fig. 2 (green curve) shows the absorption
spectra of the TGSA. As shown in Fig. 2, when the wavelength is greater than 1480 nm, the absorption efficiency of the TGSA
decreases sharply with increasing wavelength. The comparison results indicate the rationality and superiority of the proposed
structure for ultra-broadband absorbing. In addition, in order to ensure the reliability and accuracy of the calculation results, the
absorption spectra of the TCSA is also simulated by using the finite element method (FEM) (see Fig. 2 black curve). The FEM
simulation is performed with a commercial software Comsol. The results obtained by the two simulation methods are slightly dif-
ferent, but the trend of absorption efficiency with wavelength is the same, indicating that our FDTD simulation results are reliable.

Impedance matching is the prerequisite for perfect absorption because a better impedance matching can reduce the reflection of
light. In principle, the impedance matching situation is closely related to material properties and structure dimensions. As we all
know, the impedance of free space is Zo(w) = Ju(w)/e(w) =1 [30]. For achieving ultra-broadband perfect absorption, the im-
pedance matching should be achieved at the entire working wavelength, that is, satisfy the condition Z = Z,. According to Eq. (5), we
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Fig. 2. Absorption characteristics of the TCSA and TGSA structure versus the incident wavelength.
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Fig. 3. Impedance versus the incident wavelength. (a) TCSA structure, and (b) TGSA structure.

calculated the impedance curves of TCSA and TGSA. The relationship between the impedance and the incident wavelength for TCSA
is shown in Fig. 3(a). The result shows that the impedance of TCSA is close to 1 with a range of 1200 — 3700 nm, which is consistent
with the perfect absorption wavelength range, as shown in Fig. 2 (red curve). Fig. 3(b). illustrates the impedance matching situation
for the TGSA structure. The TGSA structure has a good impedance matching situation only in the range of 400 — 1200 nm. Obviously,
the different material properties of the two structures cause a distinct difference in the absorption efficiency.

In order to elucidate the physical mechanism of the proposed ultra-broadband absorber, we investigate the magnetic field dis-
tributions in the x-z plane for six different wavelengths. The normally incident light is set as a TM-polarized wave, and the wave-
lengths are taken as 400, 491, 673, 992, 3134 and 4000 nm, respectively. Fig. 4(a—f) plot the distributions of magnetic fields at the six
different wavelengths. At the resonance wavelength of 400 nm (see Fig. 4a), we can see that the magnetic field is mainly located near
the upper surface of the upper Ti nanodisk. Such field distribution corresponds to the excitation of a magnetic dipole resonance,
which steps from the near-field plasmon hybridization between the upper nanodisk and the surrounding air. As shown in Fig. 4(b)
and (c), with the wavelength increases, the magnetic fields are mainly concentrated around the two nanodisks. This shows that the
magnetic dipole resonance is simultaneously excited in the lower nanodisk. According to the magnetic field distributions at the
wavelength of 992 nm (see Fig. 4d), we can see that three magnetic dipole resonances are excited and overlapped in the proposed
structure. At the wavelength of 4000 nm (see Fig. 4f), the magnetic field is mainly located in the first SiO, layer between the lower
nanodisk and the thin Cr layer, which indicate that the absorption at this wavelength originating from the excitation of the localized
surface plasmon (LSP) resonance. In summary, the interaction of multiple magnetic dipole resonances and LSP causes ultra-
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Fig. 4. (a—f) Magnetic field distributions in the x-z plane for different wavelengths.
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Fig. 5. Absorption spectra for TCSA. TCSA-1, 2, 3, and 4 correspond to the number of the metal chromium layers.

broadband perfect absorption in the structure.

In order to analyze the effect of Cr-layers on absorption efficiency, we calculate the absorption efficiency of the TCSA structure
with different Cr-layers. For convenience, the absorber with one layer of metallic Cr is abbreviated as TCSA-1 (hs~ ho are all set to 0
in the simulation), and so on. As shown in Fig. 5, we can see that the absorption efficiency of TCSA-1 is the worst. Compared with
TCSA-2, TCSA-3, and TCSA-4, the absorption efficiency of TCSA-1 is significantly lower in the wavelength range of 1650 — 4000 nm.
Its absorption efficiency decreases at first, and then increases, and finally decreases in this wavelength range. In the range of
400-1300 nm, there is no significant difference in the absorption performances for the four structures. Compared with TCSA-3 and
TCSA-4, the absorption spectra of TCSA-2 is not so smooth in the rang of 1300 —3100 nm. For the range of 400 —4000 nm, the
average absorptions of the four structures are 92.13 %, 97.82 %, 98.42 %, and 98.42 %, respectively. The average absorption of
TCSA-3 is equal to that of TCSA-4 in this wavelength range. Thence, it is reasonable to set 3 Cr-layers for the proposed structure.

The effect of the thickness of Cr-layers on the absorption characteristics is also investigated, and the results are shown in
Fig. 6(a—f). From Fig. 6(a), (c), and (e), we can see that the thickness variation of the Cr-layers has little effect on the absorption
efficiency in the short wavelength range. But, it affects the absorption characteristics for the wavelength greater than 1000 nm.
Compared to the thickness of hs and hg, the change of thickness hy has a greater influence on the absorption characteristics, especially
the absorption bandwidth. When one of the thickness h, hg, hg increases from 0 to 20 nm, the average absorption increases first and
then decreases, and the results are shown in Fig. 6(b), (d) and (f), respectively. For the structural parameter h,, the average ab-
sorption reaches the maximum when h; = 4 nm. The change of h, mainly affects the light absorption for the wavelength range
3000 — 4000 nm. For the thickness hg, the average absorption reaches the maximum when hg equals to 5 nm. The hg changes from 0 to
7 nm, which affects the absorption characteristics of light waves around 2800 nm. When hg is greater than 7 nm, the change of the
thickness slightly affects light absorption in the range of 3700 — 4000 nm. Similarly, we can see that the average absorption reaches
the maximum when hg equals to 12 nm. When the thickness hg increased in the range of 0 —12 nm, the absorption efficiency also
gradually increasing in the wavelength range of 1800 — 2600 nm. However, the thickness change has little effect on light absorption
when the value of hg is greater than 12 nm.

Fig. 7(a-h) demonstrate the effect of the thickness of the SiO, layer on the absorption characteristics. The influence of the
thickness h3 on the absorption efficiency and average absorption are shown in Fig. 7(a) and (b), respectively. The average absorption
efficiency increases first and then decreases with increasing the thickness hs. The average absorption efficiency reaches the maximum
when h3 equals to 5 nm. Simultaneously, it is evident that the absorption in the mid-infrared region becomes better, and absorption
bandwidth becomes wider. As shown in Fig. 7(c), the influence of the thickness hs on the absorption efficiency at different wave-
lengths is also investigated. It is observed that the absorption broadband becomes wider with increasing the thickness hs. However,
the average absorption efficiency does not always increase with increasing the thickness hs. The structure can obtain the maximum
average absorption when hs = 230 nm. Similarly, we calculated the light absorption as a function of the h;, and hy, and the results are
shown in Fig. 7(e-h), respectively. The physical mechanism can be understood as a change in the thickness of the SiO, layers, causing
the lossy FP resonance wavelength varieties, thereby resulting in a change in the light absorption.

Fig. 8(a) and (c) depict the absorption efficiency as functions of the radius R; and the thickness h;, respectively. The variation
range of the radius R; is from 0 to 90 nm. When R; = 90 nm, it means that the adjacent nanodisks are close together (P = 180 nm).
As shown in Fig. 8(a), we can see that the proposed absorber has a broader absorption bandwidth when the radius R; is in the range of
40— 60 nm. For the entire wavelength simulation range, the absorption efficiency is significantly reduced when R; increases from 60
to 90 nm. As the radius increases, the average absorption efficiency increases first and then decreases (see Fig. 8(b)). When the radius
R; is greater than 65 nm, the average absorption decreases sharply with increasing R;. The average absorption efficiency is only 53.1
% when R; is set as 90 nm. From Fig. 8(c) we can see that the change in thickness h; will affect the light absorption, especially when
the wavelength of incident light is less than 1000 nm. The average absorption efficiency reaches the maximum when the thickness h;
equals 261 nm (see Fig. 8(d)). Similarly, we also investigated the effect of the structural parameters of the bottom nanodisk on the
light absorption, and the simulation results demonstrate in Fig. 8(e-h). In short, the absorption efficiency of the proposed structure is
related to the structural parameters. When the structure parameters of the plasmonic absorber are set as h; = 261 nm, R; = 50 nm,
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Fig. 6. (a), (c), and (e) Absorption versus the thickness of hy, hg, and hg in the TCSA structure, respectively. (b), (d), and (f) Average absorption
versus the thickness of Cr layers.

h, = 200 nm, R, = 70 nm, h3 = 5nm, hy = 4 nm, hs; = 230 nm, hg = 5nm, h, = 360 nm, hg = 12 nm, hy = 355 nm, and h;p = 200
nm, the average absorption of the proposed structure reaches up to 98.4 % in the range of 400 — 4000 nm.

For collecting more light energy in practical applications, we also investigated the effect of oblique incidence on the light ab-
sorption. The absorption spectra of the absorber with oblique incidences for TE and TM-polarized light are compared and illustrated
in Fig. 9(a) and (b), respectively. When the light is a normal incident wave (6 = 0°), the absorption efficiency is independent of the
polarization of incident light. For both the TE and TM cases, the average absorption efficiency of the proposed absorber decreases
with increasing the incident angle. When the incident angle is 6 = 60°, the average absorption efficiencies are 93.1 % and 87.3 %,
respectively. As shown in Fig. 7(a) and (b), the longer the wavelength, the more the absorption efficiency is affected by the incidence
angle. The physical phenomena is that as the incident angle increases, the more magnetic field is distributed in the air around the
nanodisks for the longer wavelengths. When 6 equals 60°, for the TE case, the light absorption efficiency at a wavelength of 4000 nm
is 76.5 %. For the TM case, the absorption efficiency is 58.2 %. Compared to the TE wave, the oblique incidence of the TM wave has a
greater impact on the absorption efficiency, especially in the wavelength range of 3000-4000 nm.

Furthermore, we also investigated the photothermal effect in the plasmonic absorber by using the thermal simulation [31-33]. In
the simulation, the thermal conductivities of Au, Ti, Cr, and SiO, are set as ky, = 316 W/(m'K), kr; = 15.6 W/(m'K), ke, = 90 W/
(mK), ksio, = 0.2 W/(mK), respectively. The thermal capacities of these materials are Ca, = 129 J/(kg'K), Cr; = 540 J/(kgK), Ccr =
460 J/(kgK), Csio, = 200 J/(kgK), respectively. Fig. 10(a) shows the temperature rise for one unit cell as a function of input optical
power at different resonance wavelengths (i.e., 400 nm, 618 nm, 2254 nm, and 4000 nm). We can see that the temperature rise of the
absorber has a linear relationship with the input optical power. Given the same input power, the proposed structure has different
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Fig. 7. (a), (c), (e), and (g) Absorption versus the thickness of hs, hs, h;, and hy in the TCSA structure, respectively. (b), (d), (f), and (h) Average
absorption versus the thickness of the dielectric layers.

temperature rises at different wavelengths due to different absorption efficiency. When the input light flux is 300 W/cm?, the
temperature rise exceeds 500 K for the incident wavelengths 2254 and 4000 nm. The temperature distribution field is calculated for
the incident wavelength of 618 nm with a light flux of 100 W/ cm? (insert in Fig. 10(a)). When the temperature reaches a steady-state,
the temperature at the upper of the structure is slightly higher than the temperature at the lower end. The temperature difference is
about 0.4 K. Fig. 10(b) illustrates the temperature rise as a function of incident light wavelength in the range of 400 —4000 nm. The
proposed structure can effectively absorb incident light and convert them into thermal energy with a wide wavelength range. As the
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input power increases, the difference in temperature rise caused by different incident wavelengths becomes more obvious. So pro-
posed the absorber is useful in the application of thermal energy harvesting.

4. Conclusions

In conclusion, we present and demonstrate an ultra-broadband absorber in the visible and mid-infrared region. The proposed
absorber is composed of two titanium nanodisks and multi-layers SiO,/Cr. We investigate its light absorption characteristics by the
3D FDTD method and its photothermal heating effect by the heat transport method, respectively. By optimizing the structural
parameters, the average absorption of the proposed structure exceeds 98.4 % for the 400 —4000 nm wavelength range. The thermal
simulation results prove that the proposed structure has high photothermal conversion efficiency in the visible to mid-infrared light
region. The temperature rise reaches approximately 447 K for giving an incident wavelength of 618 nm and a light flux of 100 W/
cm?. The merits of near-perfect absorption efficiency and large absorption bandwidth, make the proposed absorber having potential
applications in the field of solar energy harvesting and thermal emitters.
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