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Abstract: The effects of materials, geometric parameters, and morphologies on the absorption
properties of absorbers with the cone-like nanostructures surrounded by water have been numerically
studied. The underlying mechanisms of the perfect absorption of solar energy are revealed by
gradient index effect with electric field distributions. It shows that the absorber achieves perfect
absorption for solar energy harvesting with nanocones made of Chromium (Cr), Nickel (Ni),
Platinum (Pt), Titanium (Ti), and Bismuth Telluride (Bi>Tes), while the perfect absorption wavelength
region of absorbers with nanocones made of noble metals (Au, Ag) is 300 nm to around 650 nm,
which is far narrower than the solar spectrum. In addition, geometric parameters of the nanocones on
the surface of the metamaterials make a big difference on the absorption properties of them though
there is a small tolerance. Besides, the morphology of the cone makes a little difference on the
absorption properties of the absorber, and the absorptance of the absorber increases with the increase
of the number of nanocone’s sides. Furthermore, the solar absorber with nanocones is sensitive to the
incident angle of the light with a small tolerance, but the polarization of the incident light almost
makes no difference on the absorption property of the absorber with nanocones.
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1. Introduction

Solar energy is infinite green energy on earth, which has been widely used via photo-thermal
conversion, photochemical reaction, photosynthesis, as well as photo-electricity all over the world [1-4].
In the past decades, solar water heater, solar cell, photodetector, sensor, et al. have been investigated
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deeply, and such kinds of equipment have been widely used [4-8]. Because of the well development
of nano-fabrication techniques in the past 20 years, some enhanced applications of solar energy have
been proposed, such as electricity generation enabled by solar vapor generation [9], steam
sterilization [10], thermophotovoltaic (TPV) cell [11], biomimetic design [12], desalination [13-15],
and so on. However, most of the solar energy is reflected, transmitted, and scattered. Therefore, the
low efficiency of solar energy harvesting severely limits the further development of solar energy
applications [10]. Thus, how to enhance the conversion of solar energy is in urgent need, which is
attracting more and more interests in the past decades [16-19].

In the past two decades, optical absorbers with perfect light absorption property have been
widely studied by researchers considering both of the materials and structures with the development
of the nano-optics theory. For the narrow band absorption enhancement, some specially designed
nanostructures made of noble metallic materials, such as gold (Au), silver (Ag), aluminum (Al),
exhibit enhanced light absorption property because of the plasmon resonance aroused by certain light
wave [20-23]. Then, the light will be converted into other kinds of energy (heat, electricity, et al.)
due to ohmic loss or dielectric loss [24-27]. Furthermore, some metal oxide-based semiconductor materials
are also used in absorbers for photo-thermal conversion, such as TiOs, TiO2, and Fe3O4 [28-30]. Those
semiconductors generate electron-hole pairs and relax to band edges when they expose to solar light.
As for the broad spectrum absorption enhancement [30,31], carbonaceous materials and polymers
with black color demonstrate excellent broadband light absorption properties. Under the irradiation
of an external light source, the lattice vibration of these materials contributes to the photo-thermal
conversion. However, their instability and toxic feature severely limit their widely applications in
reality [32].

Recently, the sub-wavelength metamaterials have received more and more attentions because of
their unique properties which are merely found in nature [33,34]. Metamaterial is an artificial
material to achieve special light manipulation, such as negative refractive index material and
photonic crystal at the beginning [35]. Metamaterials have also been employed for the broadband
absorption of light by combining different materials and specially designed structures [19,36-39]. For
example, Au nanoparticles work with Al>O3 porous medium achieve quite broadband absorption [40],
while absorbers with nano-pyramids made of hyperbolic materials, such as hBN and Bi.Tesz [38,41],
also demonstrate broadband absorption properties because of the numerous inside plasmon
resonances instead of the surface plasmon resonance of metamaterials made of noble metals [42]. In
addition, the metamaterials for broadband absorption with high melting temperature are attracting
researchers’ interests because of the applications working with high temperature [43].

Among all of those metamaterials for broadband perfect absorption, those with cone-like
nanostructures have been studied because of their easy to be fabrication and the simple principle
achieving broadband absorption. Ken et al. proposed the first prototype of such kind of absorber to
enhance the solar energy conversion by Si for solar cell in the wavelength range of 300—-1000 nm [44].
Then, some more studies have been carried out to design the absorbers with nearly perfect absorption
band [45-47]. The reflection suppression effect from a three-dimensional structure with increasing
cross-section along the direction of incident light dominates the broadband absorption of light for
such kind of absorbers. However, most of those previous absorbers made of cone-like structures
merely showed perfect absorption for solar energy harvesting. In the present study, the absorber
based on tapered nanostructures, which have a drastically varying cross-sectional area in the axial
direction along the incident light will be numerically studied and optimized for perfect absorption of
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solar energy. The optimization will be carried out with the materials, geometric parameters, as well
as morphologies of the cones. The incident angle and polarization of the light source are also taken
into consideration. The finite difference time domain (FDTD) method based on Maxwell’s equations
is used on optimization of these parameters for perfect absorption of solar energy [48,49].

2. Model description

The three-dimensional (3D) calculated model of the proposed absorber is shown in Figure 1(a),
and a basic unit structure with various geometric parameters is shown in Figure 1(b), while Figure 1(c)
illustrates nanocones covered by a layer made of another material. As shown in Figure 1, the
proposed structure consists of a substrate, a gold layer on the substrate, and an array of hanocones on
the top with a Al>Os dielectric layer in-between. The Au layer has a high reflectivity, so the light
transmitted through Al>Os layer can be reflected back to the upper nanostructure to be absorbed
again. A Al>Os3 layer forms metal-insulator-metal [50] (MIM) structure with the upper and bottom
layers, which can improve the absorption effect of the absorber. The top nanocones are made of
different materials with different geometric parameters for the optimization. The nanocones are
regularly arranged on the top of the proposed absorber, the distances between the two units in the x
and y directions are both I, and the whole structure looks like a square matrix. The height of the
nanocones is denoted by h and the diameter of their bottom circle is represented by D, the nanocones
in FDTD calculations are infinitely sharp, in other words, the radius at the top is 0. The thickness of
the AloO3 layer and Au layer is respectively represented by a and b, while the thickness of the SiO>
substrate is ¢, and the SiO> substrate is used to sustain the whole structure, which can be removed
during the calculation of the absorber’s optical properties.

Figure 1. The schematic of the proposed absorber. (a) 3D schematic of the absorber with
regularly arranged nanocone array. The bottom blue region is a SiO2 substrate, the up
gray region is made of Al2Os, and the in-between yellow layer is made of Au. (b) A basic
unit of the absorber with geometric parameters marked as follows: height of the
nanocones (h), diameter of the nanocones (D), thickness of the Al.Os layer (a), thickness
of the Au layer (b), thickness of the substrate (c), size of the unit (I). (c) 3D schematic of
the absorber with nanocones made of Si covered by a Cr layer.
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In the present study, the refractive index of the Al2Os is 1.75 in the interested spectral range, and
the surrounding medium around the metamaterial is water with a refractive index of 1.33, and there
will be minor change in absorptance when water is replaced by air (Figure S1). All the other
dielectric functions of the used materials are taken from those data compiled by Palik [51] except for
Bi>Tes from Esslinger et al. [52]. It should be noted that in order to better fit the refractive index of
all the materials in the present study to lower calculation errors, the wavelength region is divided into
two or more parts. For example, the dielectric function of Cr is divided into two sections for the
calculation, which are 300-1400 nm and 1400-2400 nm, respectively. The light source is a plane
wave with the wavelength range of 300-2400 nm, which occupies most of the solar radiation
spectrum on earth, and the initial direction of the incident light source is the negative z direction. In
the numerical simulation, the periodic boundary conditions are used in the x and y directions
according to the periodicity of the nanocones’ arrangement, while the boundary condition in the z
direction is perfectly matched layer (PML).

Based on the Maxwell equations and FDTD method, the reflectance (R) and transmittance (T)
of the proposed absorber can be calculated by the commercial software FDTD Solutions. Then, the
absorptance (A) of the absorber can be calculated by the formula of A = 1-R-T. Based on the
formula for the calculation of A, it can be seen that the reduction of reflectance and transmittance of
the absorber is the only way to increase the absorptance of it. For absorbers with multiple layers of
materials, it is easy to achieve zero transmittance by selecting the appropriate bottom layer material
with a thickness larger than 100 nm, which can be calculated by A/4zk with A and k are the
wavelength of the light and extinction coefficient of the material at the same wavelength. However, it
is usually difficult to reduce the reflectance to a very low level, so we mainly focus on the reduction
of the absorber’s reflectance in the present study. When a cone-like nanostructure being submerged
in water, the mixture of water and nanostructures can be regarded as an effective homogeneous
medium, whose effective dielectric function (& ) of each layer can be calculated as follows (TM

electromagnetic wave) [53,54],
1 f N 1-f

= 1)

Eeff  €cone  Ewater
where é&gone and &y, are dielectric functions of materials for cone and water respectively. f (a
function of h) is the surface filling factor of nanocones at each cross section, which can be calculated
by the ratio of cross section of the nanocone and the area of the periodic domain 12, For the optical
absorber with nanocones, the cross sectional area along the negative z direction (Figure 1(b)) is
increasing. It can be found from Eq 1 that &y increases from &y, t0 around &gpne from the
top of nanocones to the bottom of them with the value of f increasing from 0 to the maximum in the

negative z direction. The effective refractive index (n) and extinction coefficients (k) can be obtained
from the effective dielectric function (Eq 1) as follows [53],

geff = (neff + ikeff )2 (2)

It is found from Eqgs 1 and 2 that the effective refractive index ng of the proposed absorber

with nanocones on the top gradually increases in the negative z-direction (Figure 1b) from 1.33 of
water to a larger value for material of nanocones with the increasing cross section of the nanocones
in the same direction. The gradient increasing refractive index twists the light of any incident angle
to nearly vertical direction at the bottom of the nanocones, while it is impossible for the unabsorbed
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light reflects back to the surrounding medium. As one of the types of reflection suppression effect,
gradient index effect will suppress the reflection of the incident light at the bottom of the nanocones
to enhance the absorption property of the absorbers with nanocones on the top. However, it should be
pointed outed that effective medium theory is valid only when the wavelength of the light is much
longer than the nanostructures period, meaning that not all the cases considered in the present study
satisfy such a theory. Therefore, the effective refractive index effect and gradient index effect will be
used to provides certain qualitative insights for the optimization of the absorbers with cone-like
structures in the present study, and rigorous numerical solutions on field and dissipation distributions
for the interaction of electromagnetic waves with nanostructures are obtained.

3. Results and discussion

Absorption spectra of three different absorbers after the optimization are shown in Figure 2(a).
Those three absorbers exhibit perfect absorption for solar energy with the following parameters:
h = 2000 nm, ho = 1600 nm, D = 400 nm, d = 320 nm, | =400 nm, a = 12 nm, and b = 100 nm. Our
absorber is designed based on metal-insulation-metal (MIM) structure with Al>Os acting as the
insulating layer. A Au layer works as the reflective layer, and a SiO> substrate layer support the
whole structure without absorbing the incident light, which can be removed in the calculation.

The mechanisms of perfect solar energy absorption of nanocones made of Bi.Tesz can be
explained by gradient index effect and slow-light effect in our previous work [39]. It should be noted
that the absorptance of an absorber with nanocones made of Si covered by a Cr layer (black solid line)
is higher than 0.977 in the whole wavelength range of 300—2400 nm, which is slightly lower than the
absorbance of the absorber using Cr nanocone in long wavelength range, but higher in the short
wavelength range. The results demonstrate that the present absorber can be manufactured by
covering one thin special layer on those nanocones made of materials easily to be fabricated by
traditional nano-fabrication methods, which greatly lower the challenge of the fabrication process of
such kind of perfect absorbers with nanocones.

For the optical absorber with nanocones, the cross sectional area along the negative z
direction (Figure 1(b)) is increasing. It can be found from Egs 1 and 2 that n,, increases along the

negative z direction with f increasing from 0 to the maximum in the same direction. The gradient
increasing refractive index twists the light of any incident angle to nearly vertical direction at the
bottom of the nanocones, while it is impossible for the unabsorbed light reflects back to the
surrounding medium. The gradient index effect will suppress the reflection of the incident light at the
bottom of the nanocones to enhance the absorptance of the absorbers with nanocones on the top. The
electric fields in x-z plane are shown in Figure 2(b-I1) and (c-11) for nanocones made of Cr and Si
covered by a Cr layer, respectively. It can be found that there is high electric field at the bottom of
the nanocones, indicating that the gradient index effect suppresses the light at the bottom of
nanocones for not escaping from the proposed absorber.
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Figure 2. Absorption properties of three proposed absorbers. (a) The absorptance of the
absorbers, the nanocones are respectively made of Bi>Tes, Cr and Si covered by a Cr
layer. (b,c) The electric field distributions of absorbers with nanocones made of Cr and Si
covered by a Cr layer, respectively. In each figure, (I) The morphology of the nanocones,
(11) the electric field in x-z plane. Geometric parameters are h = 2000 nm, ho = 1600 nm,
D =400 nm, d =320 nm, | =400 nm, a =12 nm, and b = 100 nm.

Figure 3 demonstrates the parameters affect the absorption properties of the proposed absorber
with nanocones, and parameters are set as follows otherwise if indicated: h = 2000 nm, D = 400 nm,
| =400 nm, a =12 nm, and b = 100 nm. As shown in Figure 3(a), these absorbers with nanocones
made of Ag, Al, Au and Cu have a perfect absorption to the incident light in the short wavelength
region of 300-650 nm because these materials have a large imaginary part of the dielectric function
in the same region. However, the imaginary parts of the dielectric function of these four materials
drastically decrease afterwards, leading to a fact that the absorptance of absorbers with nanocones
made of these four materials decreases a lot afterwards. In contrast, the imaginary parts of the dielectric
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functions of Cr, Ni, Pt as well as Ti are very large in the whole wavelength range of 300-1400 nm, the
absorptance of absorbers made of these four materials demonstrates almost perfect solar energy
absorption. The results demonstrate that the strong intrinsic absorption property of the materials for
nanocones guarantees the broadband absorption of the proposed absorber for totally solar energy
harvesting.
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Figure 3. Parameters affect absorption spectra of absorbers. (a) The effect of materials.
(b) The effect of the height of Cr nanocone. (c) The effect of the diameter of the Cr
nanocone. (d) The effect of the distance between two adjacent Cr nanocones. (e) The
morphologies of different Cr nanocones. (f,g) The electric field distributions of
nanocones with different morphologies, (f) triangular cone, (g) circular cone. In each
figure, (I) The morphology of the nanocones, (I) the electric field in x-z plane. h = 2000
nm, D =400 nm, | =400 nm, a =12 nm, and b = 100 nm, otherwise if indicated.
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The effects of geometric parameters of the nanocones made of Cr on the absorption properties
are numerically studied (Figure 3(b)—(d)). All the nanocones with different heights (Figure 3(b))
exhibit excellent absorption property in the wavelength range of 300 nm to around 1300 nm, but
there is a slight drop in the wavelength range of 1300 nm to 2400 nm. When the h reaches 2000 nm,
the absorptance is greater than 99.1% in the entire wavelength range of 300-2400 nm. Figure 3(c)
shows the effect of diameter of the nanocone on the absorption properties of the absorber for solar
energy harvesting. When the diameter of the absorber changes in the range of 200-400 nm, the
absorber has the best absorption effect. The absorptance of the absorber decreases with the increase
of the diameter of the nanocone. It can be concluded that the diameter of the nanocones should be
chosen carefully to meet the requirements of the gradient index effect of the absorber. The effect of
the distance between two adjacent Cr nanocones is shown in Figure 3(d). The absorptance of the
proposed absorber decreases with the increase of the distance between two nanocones, and the
maximum absorptance of an absorber appears only if the distance between two nanocones is the
same with the diameter of them. The underlying mechanisms are that the effective refractive index of
the absorber at the top of nanocones is water for all the absorbers studied in Figure 3(d). However,
the effective refractive indices at the bottom of the nanocones are totally different for different I. The
larger of the |, the smaller of the effective refractive index of the absorber at the bottom of the
nanocones, while a smaller refractive index at the bottom of nanocones significantly weakens the
gradient index effect.

Some more morphologies of cone-like nanostructures are taken into consideration to further
study the absorption properties of absorbers with cone-like nanostructures. The bottom
circumscribed circles of these cone-like structures are the same, which is 400 nm. The number of
sides of these regular polygon is represented by m, as shown in inset of Figure 3(e). The absorptance
of all these absorbers is higher than 95%, and the absorber with circular nanocones has the best
absorption property in the wide solar spectrum. In contrast, the absorptance of an absorber with
triangular nanocones is the lowest among all the proposed absorbers. The underlying mechanisms are
revealed by the electric field distributions for triangular nanocones (Figure 3(f-11)) and circular
nanocones (Figure 3(g-11)) at the wavelength of 1800 nm. The electric fields in x-z plane between
two circular nanocones is the lower one, while the electric field at the top of circular nanocones is the
weaker one. The cross sectional area of the circular nanocone is the largest at the same attitude for
these cone-like structures, including at the bottom of the nanocone, leading to a fact that the effective
refractive index of circular nanocone is the largest (based on Eqgs 1 and 2) among all the six different
cone-like structures. The difference of the effective refractive indices at the top and the bottom
increases with the increase of m, the magnitude of the electric field at the bottom of nanocones
increases with the increase of m, leading to a fact that the absorptance of the absorber also increases
with the increase of m (Figure 3(g)).

With the rotation and revolution of the earth, the incident angle of the sunlight will change for a
fixed absorber. It can be found from Figure 4(a) that the absorptance of the absorber reaches the
maximum in the entire broad solar spectrum if the light normally incidents on the absorber, while the
absorptance of the absorber decreases with the increase of the incident angle. The reason is that the
light source only illuminates the part facing it when the incident angle of the light source is tilted,
and the backlight surface cannot absorb the light and reflect it back to the surrounding medium,
resulting in the decrease of the absorptance of the absorber.
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Figure 4. The effects of incident angle and polarization of light on the absorptance of the
proposed absorbers, h = 2000 nm, D = 400 nm, | =400 nm, a = 12 nm, and b = 100 nm.
(a) The absorption spectra for different incident angles. (b—d) The effect of polarization
of the incident light on the absorption properties ((b) reflectance, (c) transmittance, (d)
absorptance) of the present absorbers with Cr nanocones.

The polarization phenomenon of the light source reveals the asymmetry of the vibration direction
of light with respect to the propagation direction of light. It can be observed from Figure 4(b)—(d) that
the reflectance and transmittance of absorbers with Cr nanocones are very low with the polarization of
the incident light varies in the range of 0-90°, and the absorptance is higher than 99.1% for all the
polarization angles of the incident light. As shown in Figure 1, the nanocones are rotationally
symmetrical with the centerline. Therefore, for a light source of a fixed wavelength, the change of
the polarization angle almost makes no difference on the absorption property of an absorber with Cr
nanocones on the top. But for some other absorbers with pyramids shown in Figure 3(e), the
polarization angle might make a difference on the absorption properties of those absorbers.

4. Conclusions
In summary, we have numerically studied the effects of materials, geometric parameters,

morphologies, incident angles and polarization of the light source on the absorption property of the
absorber with nanocones surrounded by water to optimize the absorption of solar energy. The results
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show that the optimized absorber has almost perfect absorption property in a wide wavelength range
of 300-2400 nm, which is suitable for the total solar energy harvesting. Besides, the absorption
property of the present absorber based on nanocones is independent of the polarization angle of the
light source, but a small deviation of the incident angle significantly affects the absorptance of the
absorber with Cr nanocones. Furthermore, the morphology and geometric parameters of the
nanocones also make a big difference on the absorption properties of the proposed absorbers with a
small tolerance. An absorber with circular nanocones made of Cr, Ni, Ti, Pt, and Bi2Tes, has the best
absorption property for solar energy harvesting. The underlying mechanisms of the absorption
properties of the present absorber are well revealed by the combination of effective refractive index
theory and gradient index effect. The absorber is placed in water, which can accelerate the
evaporation of water by absorbing light energy and converting it into heat energy, so our study opens
a new gate for the design of absorbers for the conversion and utilization of solar energy in water.
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