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Abstract: Perfect metamaterial absorbers have attracted researchers’ attention in solar energy harvest-
ing and utilization. An ideal solar absorber should provide high absorption, be ultra-wideband, and
be insensitive to polarization and incident angles, which brings challenges to research. In this paper,
we proposed and optimized an ultra-wideband solar absorber based on Ti-Al2O3 cross elliptical
disk arrays to obtain the ultra-wideband absorption of solar energy. The addition of a cavity greatly
improves the energy-absorbing effect in the operating band, which has research value. The absorption
spectrum and field distribution were analyzed by the finite difference time domain method. For
the physical mechanism, the electric and magnetic field distribution indicates that ultra-wideband
absorption is caused by propagation surface plasmon resonance (SPR), localized SPR and Fabry–Perot
(F-P) resonance excited between Ti and Al2O3 disks. The results demonstrate that the absorption
bandwidth with the absorption rate beyond 90% reaches 1380 nm (385–1765 nm), and the average
absorption reaches an astonishing 98.78%. The absorption bandwidth matches the main radiation
bandwidth of the solar energy, which is approximately 295–2500 nm according to the data from the
literature, and the total thickness of the structure is only 445 nm. Moreover, the ultra-wideband solar
absorber is insensitive to the polarization angle and oblique incidence angle. The proposed ultra-
wideband solar absorber has research and application value in solar energy harvesting, photothermal
conversion and utilization.

Keywords: ultra-wideband solar materials; solar energy; surface plasmon resonance; metamaterials;
broadband absorbers; ultra-thin absorber

1. Introduction

With the long-term use of non-renewable fossil energy, the impact on the environment
has become increasingly prominent, and research on clean energy is an important issue
today. The clean and resource-rich solar energy is the current hot direction of energy
research [1,2]. Metamaterials are artificially fabricated subwavelength nanostructures, with
a strong ability to manipulate electromagnetic waves [3]. Solar energy is concentrated in the
visible to the near-infrared bands; metamaterial absorbers can achieve perfect absorption
in the range, which is of wide concern [4].

In recent years, solar absorbers have attracted widespread attention as a pivotal device
to achieve solar energy harvest [5,6]. In addition to high absorption absorptivity, an ideal
absorber needs to possess other optical characteristics such as polarization independence
and tunability [7,8], etc. Nevertheless, current absorbers are generally temperature sensitive,
light absorption inefficient and complex [9,10]. Consequently, how to solve these problems
determines the current development direction of solar absorbers.

The research on wideband absorbers has continued for many years [11–15] since
Landy et al. first proposed the perfect material based on a metal–insulator–metal structure
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in 2008 [16]. Absorbers based on this structure have been widely investigated. Among
them, wideband absorbers that can achieve perfect broadband absorption have great
application potential in photovoltaics and solar cells [17,18]. The special material properties
of noble metals such as gold and silver have made them widely used for perfect absorption
previously [19,20]. However, the high cost and poor heat resistance also limited the
application potential of materials composed with noble metal; thus, people started to
consider the high melting point metals such as titanium, nickel, tungsten and others [21,22].
There are several common ways to achieve wideband absorption at present. For instance,
Hu et al. placed multiple different nanoresonators in a unit cell. These different resonators
can excite multiple absorption peaks in the spectrum. In this way, the wideband absorption
can be achieved. The disadvantage is that the structure is complex and is difficult to
manufacture [23]. Cui et al. proposed a thin-film stacked structure formed by stacking
metal–dielectric layers to realize a wide-spectrum material [24]. This kind of material
achieves wideband absorption in the mid-infrared band and are insensitive to the incident
angle, and the thickness is very thin (thickness < 190 nm). Although the proposals of
these materials have provided ideas for subsequent research, broadband absorbers for
solar energy harvesting not only need to match the bandwidth to the solar radiation
spectrum mainly distributed at 295–2500 nm under the AM1.5 [25] but also meet the
highest absorption rate. Therefore, how to improve the absorption rate in the solar radiation
spectrum is the focus of this paper.

In this paper, we studied the absorber based on Ti-Al2O3 cross elliptical disk arrays.
We added a layer of dielectric on top of the traditional MIM structure for anti-reflection
purposes and to achieve better absorptivity. In order to make the overall arrays have
good thermal stability and high absorptivity, we used two materials, metal titanium and
dielectric Al2O3. The inherent optical properties of the materials and excellent structure
achieved over 90% ultra-wideband absorption at the wavelength from 385 nm to 1765
nm, verified by simulation. The arrays we designed more than achieved ultra-wideband
absorption and matched well with the solar energy spectrum. The proposed absorber can
obtain a perfect absorption performance in the actual solar radiation environment, and has
potential applications on solar energy harvesting and shielding.

2. Structure and Design

Figure 1 details the proposed ultra-wideband solar material. The total four-layer
structure is composed of two materials: Ti and Al2O3. There is a three-layer cross elliptical
disk array on the Ti substrate periodically, there are cross elliptical disks made of Al2O3
inserted to cover the structure, and the middle layer is a metal Ti cross elliptical disk with
a cavity in the middle. The period of the cross elliptical disks is represented by P. The
radius of the major axis of the ellipse is R, the minor axis is r and a is the radius of the
cavity in Ti cross elliptical disks. h1, h2 and h3 are the thicknesses of the cross elliptical
disks that made by Al2O3 and Ti from top to bottom, respectively. The metal Ti substrate
needs to be thick enough to reduce the light transmittance of arrays to almost zero. Electron
beam lithography [26] and vapor deposition technology [27] can be used to realize the
manufacturing of this structure. The cost of the materials we selected is not high, but
limited to the current process, the preparation cost is very high, and the error is difficult to
control. With the progress of technology, the cost will reduce. Simulation research can carry
out prospective study at low cost. Many of the ideas similar to that which Landy proposed
in 2008 by simulation research [16] are creative and progressive, enlightening researchers
and greatly saving their costs. Due to the high cost of the experiment and insufficient
experimental conditions, our current research mainly focuses on theoretical simulation. If
the experimental conditions are sufficient, we will fabricate the proposed pattern array on
1 mm2 substrate material [28].
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Figure 1. Diagram of titanium and Al2O3 elliptical disk cross-structure of broadband absorber.

The finite difference time domain method is used in the simulation with 3D FDTD
solutions software [29,30]. By applying periodic boundary conditions in the x and y
directions, the entire arrays can be simplified to a unit cell. The transverse magnetic mode
(TM, x-axis polarization) plane waves are incident vertically from above the arrays, and
the transmission and reflection effects are truncated by perfect matched layer boundary in
the z direction, and all three directions of mesh are set to 2.5 nm. TM mode and transverse
electric (TE) mode here is the x-axis polarization or y-axis polarization of the incident light,
respectively. The detailed parameters of the proposed absorber in the simulation are taken
as P = 400 nm, R = 170 nm, r = 65 nm, a = 70 nm, h1 = 60 nm, h2 = 115 nm, h3 = 70 nm and
h4 = 200 nm, and parameters for metal Ti and Al2O3 are taken from the experimental data
of Palik [31]. In the simulation, the transmission T and reflection R of the structure can be
recorded by setting the monitor. Then the total absorption A can be calculated using the
formula A = 1 − T − R [32–34].

3. Results and Discussion

The simulation results of the proposed absorber are shown in Figure 2. It can be seen
that the proposed absorber exhibits excellent high absorptivity at the wavelength from
280 nm to 2000 nm, the bandwidth at which absorptivity reaches above 90% is 1380 nm
(385–1765 nm), which matches the solar radiation range well. The average absorptivity in
the wavelength band of 385 nm to 1765 nm reaches 98.78%. In the entire solar radiation
region (295–2500 nm), there is still a high absorptivity of 93.7%. Among them, more than
99% high absorption is achieved at 547.7 nm, 702.2 nm and 1092.3 nm. A comparison with
some recent solar absorbers is shown in Table 1 [8,35–40], the proposed absorber clearly
obtained the widest absorption bandwidth.

Table 1. Comparison of some recent solar energy absorbers.

References Spectral Region with Absorption More than 90% Pattern Materials

[8] 200–1000 nm (800 nm) Alternate stacked Au/Cr/Graphene/TMDs
[35] 300–1015 nm (715 nm) Wavy surface Indium tin oxide-Ge-Cu
[36] 400–850 nm (450 nm) Cubes Au/MoS2
[37] 250–1100 nm (850 nm) Disk and Nanoparticles Au/HfO2
[38] 287–628 nm (341 nm) Disk Si/Ni
[39] 380–760 nm (475 nm) Half-cylinder air cavity TiO2
[40] 200–2500 nm (peak absorbance lower than 90%) Helical Bismuth
Proposed 385–1765 nm (1380 nm) Cross elliptical disk Ti/Al2O3
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In order to verify the utilization effect of our high absorptivity absorber on solar
energy, we used the AM1.5 solar radiation spectrum to simulate the lighting conditions
of the real environment, and calculated the performance of the proposed absorber in the
actual situation. The calculation method of solar energy absorption efficiency is referred to
in this equation [41–43]:

ηA =

∫ λmax
λmin

(1 − R(ω))·IAM1.5(ω)·dω∫ λmax
λmin

IAM1.5(ω)·dω
(1)

In this equation, ηA is the absorptivity, R(ω) is the reflection of arrays, the frequency
of the incident source is ω and IAM1.5 is the sun radiation. The results are presented in
Figure 3.
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For reference, the AM1.5 solar radiation spectrum is plotted with a black curve in
Figure 3. The large red area under the black curve is the solar energy that can be absorbed
by the proposed absorber. It is clear that the result is very satisfactory. Most of the energy
can be absorbed, and the lost energy is represented by the blue area in Figure 3. It is very
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intuitive to see that its proportion is very low, and it is mainly concentrated in the two
bands of 290–500 nm and 1500–2500 nm. A smaller blue area means a lower amount of
energy was missed. The missed solar energy was only 1.6% at the wavelength from 280 nm
to 2600 nm. This also means the global absorption effect of the proposed material is
excellent and matches the solar radiation well.

Through the electromagnetic field distribution diagram, we can intuitively understand
the physical mechanism of the ultra-wideband perfect absorption of the absorber, and
optimize the structure according to its distribution. This method has often been used in pre-
vious studies [40–45]. We calculated the electric and magnetic field distribution to explore
the physical mechanism of our solar absorber at three resonance wavelengths, 547.7 nm,
702.2 nm and 1092.3 nm, as presented in Figures 4 and 5. There are three resonances that
excite the ultra-wideband absorption, which are propagation surface plasmon resonance
(SPR), localized SPR and Fabry–Perot (F-P) resonance [44–46]. This simulation adopted
the TM-polarized mode as the incident light. Figure 4 plots the electric and magnetic field
distributions of the top views from the XOY direction, and Figure 5 presents the side views
from the XOZ direction.
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At the 547.7 nm resonance wavelength, the electric field is mainly concentrated in the
gaps between the periodic arrays of metal Ti in the middle layer, and the magnetic field
strength is mainly concentrated on the plane between the metal Ti and the Al2O3 on the
top layer outside of the arrays. These features indicate that the absorption observed at
547.7 nm is mainly due to the propagation SPR of the Ti elliptical disk. For the case where
the resonance wavelength is 702.2 nm, the electric field is still concentrated in the gaps
between the periodic arrays. This means propagation SPR is excited as before, and the
concentration of the magnetic field turns to the cavity inside the metal Ti and Al2O3 on the
top layer, indicating that there is a slight coupling between the elliptical disks and local-
ized SPR is excited, which demonstrates that the perfect absorption at the wavelength of
702.2 nm is the synergy of the propagating SPR and the localized SPR. For the wavelength
of 1092.3 nm, however, the magnetic field is concentrated in the Al2O3 layer between the
metals and the Al2O3 layer covering the top, as shown in Figures 4 and 5, and due to the
excitation of localized SPR, it caused magnetic resonance. At this time, the middle layer Ti,
substrate Ti and dielectric layer constitute the inductor–capacitor circuit [47]. The current
in the middle and bottom metal layers is in a different direction, forming a loop current.
Its direction is opposite to the direction of the incident electromagnetic wave, and they
therefore counteract each other and this limits the electromagnetic wave in the middle
dielectric layer. It means that the F-P cavity and localized SPR lead to light absorption at
1092.3 nm.

We already know that the cross elliptical disk arrays can achieve ultra-wideband high
absorptivity at the previous solar radiation region. In order to achieve the best results,
we also investigated different nanostructures. Firstly, we studied several different but
similar structure models, and the results are plotted in Figure 6. We kept the geometrical
parameters constant to compare the proposed material with different cases. For Case1, the
elliptical disk structure has only one absorption peak reaching 97.5% at a short wavelength.
Unfortunately, the absorptivity is only 65.1% in the solar radiation region, much less than
the cross elliptical arrays (93.7%). Then, the cross arrays achieved an absorptivity of 91.1%
in the whole region as the red line presents. There is an absorption peak of 98.4% redshifted
to 2016 nm, but the absorption decreases a lot in the region from 750 nm to 1700 nm where
there is more solar radiation. The lowest is only 82.5% at 1090 nm. It is similar to the cross
arrays in that the cross elliptical disk has an absorption peak of 99.8% redshifted to 1593 nm.
There is also a lower loss in the range of 750–990 nm where the lowest at 882 nm obtains
absorptivity of 89%. In the whole region of solar radiation, the cross elliptical arrays reach
an absorptivity of 91.8%. Compared with the proposed absorber, although the absorption
performance is similar, the energy absorption varies greatly under solar radiation. Because
of the addition of the cavity, the absorption is greatly improved at the wavelength from
500 nm to 1326 nm.

To further discuss the absorption performance of different structures in a real envi-
ronment, we systematically investigated the absorptivity of solar energy at AM 1.5, as
shown in Figure 7. For Case1, the loss of solar energy in the entire region nears 20% as
we calculated. The energy missed is relatively high from 1412 nm to 2500 nm, exceeding
40%. For Case2 and Case3, although the absorption mentioned in Figure 6 obtains 91.1%
and 91.8%, respectively, the energy loss at the wavelength from 500 nm to 1300 nm is not
ideal. Compared with the proposed material arrays, these losses reduce the solar radiation
absorptivity in the range of 7.5% and 3.9%, respectively. The addition of an air hole in the
middle Ti layer forms a resonant cavity, which can bind more electromagnetic waves in the
operating range from 500 nm to 1362 nm. More absorption reduces the unabsorbed energy,
although the absorption peak has some blue shift. This result is undoubtedly more suitable
for solar energy absorption in practical applications as Figures 3 and 7 present.
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After that, we further investigated the influences of different stacking combinations on
light absorption performance, as shown in Figure 8. The absorption when there is no Al2O3
layer but only a layer of Ti substrate and Ti cross elliptical disk is indicated by the black line.
For Case6, the red line plots the absorptivity spectrum when there is only one Al2O3 layer
covered by a Ti disk on top, and the green line shows only one layer of Al2O3 between the
substrate and the Ti disk. As a contrast, the blue line is the proposed array. Clearly, when
there is no Al2O3 layer between the substrate and the Ti disk, the arrays only achieve a
narrow absorption higher than 90% from 395 nm to 800 nm, and then it drops rapidly after
800 nm. In the whole region, the absorptivity of these arrays only reaches 68.7%. The red
line shows that the covered Al2O3 on this kind of array is less effective in improving the
absorption. The absorption in the whole region increased by 1.2% to 69.9%. There is an
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absorption peak of 98.8% that appeared at 292 nm, but the total absorptivity is still low.
For Case7, we inserted a layer of Al2O3 between the substrate and Ti disk and realized
an absorptivity of 89.3%, as shown by the green line. The result is close to the proposed
absorber but slightly lower at the wavelength from 443 to 1190 nm. This demonstrates that
the Al2O3 between the Ti disk and the substrate plays an important part in exciting SPR to
achieve ultra-wideband absorption. Thus, a layer of Al2O3 covered on this basis further
improves the absorption performance, as we proposed.
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As in the study above, the absorptivity levels of solar radiation shown by Case5–Case7
were also investigated. From Figure 9, it is obvious that there is a high amount of energy
missed over the whole region of solar radiation for Case5 and Case6. It is much higher
than the 1.6% of the proposed material as the energy missed reached 12.8% and 14.1%,
respectively, for Case5 and Case6. We can see that the addition of the inserted layer of
Al2O3 greatly increases the absorptivity of solar radiation, and the high amount of energy
missed is also reduced to 3.6%. However, there is still a bandwidth with a little lower
absorptivity between 490 nm and 950 nm; the Al2O3 covering the top eliminates this loss
and reduces the energy loss to 1.6%. The results of different stacking methods show that the
metal and insulator in the traditional MIM structure have a huge influence on the excitation
of resonances that achieve wideband absorption. While the addition of the top layer of
Al2O3 further enhances the overall absorption effect, any part of the proposed absorber is
indispensable for the total absorption performance.

We made a brief analysis of the selection of materials. The imaginary part of the
dielectric constant of the metal Ti is higher in the wide wavelength band. The MIM
absorber made of metal Ti can obtain high broadband absorption [48]. In addition, the
metal Ti has high reserves and good heat resistance. These are the reasons why we adopted
the metal Ti. For the selection of dielectric, we performed a simulation comparison as
shown in Figure 10. The performance of Al2O3 and SiO2 is in line with our requirements
for solar absorbers, and the use of Al2O3 has better average absorption. It is the reason that
we selected Al2O3 as the dielectric layer.
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Next, we investigated the detailed geometric parameters of the proposed arrays. By
simulating the changes in different geometric parameters one by one, we finally determined
the optimal parameters of arrays to obtain the best absorption effect. In the previous study,
the absorption mechanism of the absorber was analyzed. The upper and bottom metal
Ti and the middle dielectric constitute the LC circuit [48]. The periodic units can also be
regarded as LC circuits. The increase in capacitance causes the red shift of the resonance
peak but absorptivity is reduced. The formula of the resonance wavelength and inductance
and capacitance refers to [49,50]:

λ ≈ 2πc0

√
(Lm + Lk)Cm (2)
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In this formula, Lm is the parallel-plate inductance per unit length, Lk is the kinetic
inductance and Cm is the parallel-plate capacitance.

First, we discussed the period P of the overall arrays. The results of the increasing
period P from 380 nm to 420 nm in 10 nm steps are presented in Figure 11a. As the period
P increases from 380 nm to 420 nm, the bandwidth of absorption above 90% decreases from
1518 nm to 1275 nm. The narrowing of the bandwidth increases the average absorptivity by
2% from 385 nm to 1150 nm where the solar radiation is more distributed. Therefore, finally,
400 nm was chosen as the period P, which can obtain ideal absorptivity. Subsequently, we
discussed the influence of the radiuses R, r and a of the cross elliptical disks on the overall
absorptivity, and the result is presented in Figure 11b–d. We can see that the absorption of
the proposed absorber is insensitive with changes in the structural parameters at a short
wavelength. The overall absorption bandwidth broadens out from 1086 nm to 1690 nm
as R increases from 150 nm to 190 nm in steps of 10 nm. At the same time, although the
wavelength at which the absorption intensity peak appears is red-shifted from 900 nm to
1350 nm, the peak decreases by 3.4% from 99.9% to 96.5%. Changes in r and R have similar
influences. When r = 45 nm, there is only one absorption peak of 99.6% at 425 nm, and
the absorption peak is red-shifted from 883 nm to 1528 nm, but the peak increased from
98.7% to 99.9% and then decreased to 99.4%. These results are caused by the increase in
inductance and capacitance with the increase in geometric size. When r is longer than
65 nm, both perform well in the short wavelength and long wavelength band, but absorp-
tivity is reduced by 4% at most between 700 nm and 1100 nm. For the widest possible
absorption bandwidth and an excellent absorption effect, R = 170 nm and r = 65 nm were
adopted. Earlier we explained the effect of the air hole in the middle Ti metal layer as
shown in Figures 6 and 7. Then, we investigated the influence of the cavity size (radius a)
on total absorptivity. Although it has the same trend as Figure 11b,c, it is the opposite to
that of the radius a decrease in Figure 11d, as the absorption bandwidth becomes wider.
When a changes from 50 nm to 90 nm (R = 170 nm, r = 65 nm), the absorption bandwidth
above 90% becomes narrow from 1561 nm to 354 nm. Before a increases to 70 nm, although
the bandwidth is wider, there is a significant trough where the absorptivity decreases from
99.5% to 94.7% at 855 nm. After a = 70 nm, without a significant increase in the overall
absorptivity, the absorption bandwidth becomes narrower, and even at a = 90 nm, the
absorption bandwidth above 90% is only found at 354 nm, as shown by the purple line in
Figure 11d, which is unacceptable. We chose R = 170 nm, r = 65 nm and a = 70 nm as the
ellipse parameters that make up the cross elliptical disk to obtain the best absorption effect.
These changes have an impact on the excitation of the SPR effect [51,52]. When the energy
around the arrays decreases, indicating that more energy is lost in the process, the light
absorption becomes less effective.

As mentioned above, the proposed solar absorber is composed of four layers (Al2O3-
Ti-Al2O3-Ti). In Figures 8 and 9, we investigate different stacking cases of Al2O3 and Ti
to figure out that each part is necessary. Here, we further studied the effect of different
thicknesses of the Al2O3 and Ti layers on absorption performance while keeping other
parameters unchanged. We know that the key role in light absorption is the Al2O3 layer
between the metals. The Al2O3 layer covering the top of the structure has little effect on
absorptivity. Similarly, we can see in Figure 12a that the thickness of h1 increases from
20 nm to 100 nm, and the emerged absorption bandwidth above 90% becomes narrow
from 1485 nm to 1340 nm. Nevertheless, there is still h1 = 60 nm, which has the highest
average absorptivity of 99.6% at approximately 400 nm to 1150 nm where solar energy
is more concentrated, as in our choice. In Figure 12b, the height of the Ti structure and
air hole layer h2 was changed to determine the effect it can have on absorption perfor-
mance. It is different from Figure 12a: when h2 increases from 95 nm to 135 nm in steps
of 10 nm, the total absorption bandwidth becomes wider from 1170 nm to 1555 nm and
the short wavelength region remains almost unchanged. However, a wider absorption
bandwidth reduces absorptivity from 99.5% to 98.1%. Considering the distribution of
solar energy in practical applications, we think it is more important to abandon a cer-
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tain bandwidth to increase the absorption (almost 100%) in this area. The thickness of
h2 = 115 nm became our final choice for the proposed material. For the influence of the
changes in h3, it is similar but weaker when compared with the changes in h2 on absorp-
tion (Figure 12c). Due to capacitation increases, when h3 increases from 50 nm to 90 nm,
the bandwidth of absorptivity above 90% becomes wider from 1245 nm to 1489 nm but
absorptivity decreases from 99.5% to 98.2%. That is why we decided to use h3 = 70 nm
as the thickness of the Al2O3 layer between metals. The intensity change in the excited
SPR is the physical reason for the effect of these parameters’ change on light absorption
performance. The increased thickness of these layers reduces the reflection of arrays and
thus improves absorptivity, while an excessive thickness is also detrimental to SPR [53,54].
The proper thickness excites the resonance in the most effective way and obtains the best
absorption performance.
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The ideal solar absorber should be insensitive to the polarization angle and oblique
incident angle [55,56]. As presented in Figure 13, we calculated the capability at different
oblique incident angles from 0◦ to 60◦ under the TM mode and TE mode, respectively. In
this calculation, we used the Case4 structure, and adopted the geometric parameters of
the structure and design section. We found that our proposed absorber keeps an excellent
absorptivity in a wide bandwidth. The total absorption bandwidth starts to narrow when
the incident angle increases to nearly 60◦. It indicates that the oblique incidence angle has
little effect on overall absorption. It is obvious that the proposed material under the TE
and TM modes performed the same. The high symmetry of the cross elliptical disk arrays
contributes to the polarization independence of the absorber. The above analyzed results
demonstrate that our proposed absorber still has good absorption ability for complex light
in a real application [57–59].
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4. Conclusions

In this paper, we proposed a metamaterial solar absorber with a cross elliptical disk
structure. The structure can excite strong surface plasmon resonance, and the addition
of a cavity in the structure greatly improves the absorption of 500–1326 nm. Therefore,
the proposed absorber achieves 98.78% high absorption performance in the broadband
operating range of 385–1765 nm. It is perfectly matched with the solar radiation band,
with only a 1.6% loss in the 280–2600 nm, which is the actual existing solar radiation.
In addition, the proposed absorber is insensitive to angle changes and independent of
polarization, and the thickness is only 445 nm. In future work, we will focus on optimizing
the structure and reducing the difficulty of its fabrication so that it can be prepared s
part of an experiment. In summary, the proposed absorber is very thin and composed of
high-temperature resistant materials. Polarization insensitivity and large angle incident
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absorption makes it have potential application value in a wide range of solar energy
utilization fields such as thermophotovoltaics, solar energy harvesting and shielding.
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