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Multi‑octave metasurface‑based 
refractory superabsorber enhanced 
by a tapered unit‑cell structure
Mojtaba Karimi Habil1*, Maryam Ghahremani2 & Carlos J. Zapata–Rodríguez3

An ultra‑broadband metasurface‑based perfect absorber is proposed based on a periodic array of 
truncated cone‑shaped TiO

2
 surrounded by TiN/TiO

2
 conical rings. Due to the refractory materials 

involved in the metasurface, the given structure can keep its structural stability at high temperatures. 
The proposed structure can achieve a broadband spectrum of 4.3 µm at normal incidence spanning 
in the range of 0.2–4.5 µm with the absorption higher than 90% and the average absorption around 
94.71% . The absorption can be tuned through the angle of the cone. By optimizing geometrical 
parameters, a super absorption is triggered in the range of 0.2–3.25 µm with the absorption higher 
than 97.40% and substantially average absorption over 99% . In this regard, the proposed structure 
can gather more than 99% of the full spectrum of solar radiation. Furthermore, the absorption of the 
designed structure is almost insensitive to the launching angle up to 50◦ for TE polarization, while it 
has a weak dependence on the incident angle for TM polarization. The proposed structure can be a 
promising candidate for thermal energy harvesting and solar absorption applications.

The interaction of the light with plasmonic and high-index materials, which can confine the electromagnetic 
energy in a small space, has been explored in a variety of optical elements, light trapping applications, and 
thermal emission control in the infrared  region1–7. Therefore, an enormous number of studies has been directed 
to utilize this trapping effect in photonic devices. Among these, electromagnetic wave absorbers are of critical 
importance having diverse applications in energy harvesting, emitters, light modulation, and sensing. Depending 
on the absorption bandwidth, absorbers are classified into narrowband and broadband absorbers. The former is 
notably of use to design chemical and refractive sensors, detectors, and multiband  absorbers8–15, whereas the lat-
ter is more appropriate for energy harvesting and solar cell  design16–23. In literature, broadband and narrowband 
absorbers are generalized terms referred to as any absorber of high and low absorption, whereas a particular 
class of absorbers with near-unity absorption, working over a large angle of incidence, and showing polarization 
independency, is termed as superabsorber (or perfect absorber)24. In 2008 Landy et al. designed and fabricated 
a perfect absorber, based on the coupling of electric and magnetic fields to the metamaterial constituents, and 
facilitated the way for approaching strong absorption of the  light25. During the last decade, with the progress in 
nanofabrication technology, many patterns have been proposed and manufactured to enhance the absorption 
in a wide range of  wavelengths26–29. Meanwhile, the ability of metallic nanoscale structures to excite surface 
plasmons resonances (SPRs) and enable a strong field enhancement and confinement in a limited space makes 
them a promising candidate for elements of high-temperature-based absorbers. These structures can unprec-
edentedly subside the reflection of the incoming electromagnetic wave and elevate the absorption by trapping 
the electromagnetic energy in nanoscale patterns.

A plethora of studies, paying attention to perfect absorbers, has been patterned based on noble metals such 
as silver (Ag) and gold (Au)30,31, due to their remarkable plasmonic properties, as well as novel materials such as 
graphene and MoS2

32,33. Perfect absorbers which have been designed for broadband applications, in particular 
solar cells, can gather a great amount of energy. This leads to high temperatures in the structure which limits 
its efficiency and functionality. In this regard, due to the inherently low melting points, the mass applications of 
noble metals are limited by less weak thermal durability. This thermal endurance would be even worse for low 
dimension materials because the small size effect should be taken into account which leads to the lower melting 
 point34. Moreover, some other low-cost alternative metallic materials such as copper (Cu), despite comparatively 
a higher melting point, their applications are limited due to the narrowband  absorption35. On this point, the 
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application of aluminum (Al) is limited because of its plasmonic response in the ultraviolet region, the lack of 
high-temperature durability, and the potential oxidation which makes this material less durable and applicable 
at high-temperature  absorbency36,37. As a result, to meet broadband absorption, higher thermal stability, and 
favorable plasmonic behavior, refractory plasmonic materials, namely the materials of which physical and chemi-
cal properties are stable at high temperatures, have been  introduced38. Extensive research studies have been made 
to resolve the optical properties of these materials such as titanium (Ti), tungsten (W), chromium (Cr), and 
molybdenum (Mo). In addition to the refractory metals, multiple kinds of refractory metal compounds can also 
be used in perfect absorbers  fabrication39. In contrast to some refractory compounds which are used for their 
thermal robustness, TiN has been widely used in plasmonic absorbers for ultra-high temperature applications, 
because of its premium light absorption, remarkable plasmonic properties, thermal robustness, outstanding 
hardness, and stable physical and chemical  properties38,40,41. Unlike noble metals in which their plasmonic reso-
nances are limited at shorter wavelengths, TiN can bring remarkable plasmonic properties in both short and long 
wavelengths. Titanium dioxide ( TiO2 ) is another compound of Ti. Owing to its high melting point of 1840 ◦C29,42 
and the absorption band in the UV region, TiO2 has been used as a talented candidate for perfect  absorber43,44.

In the last decade, many researchers have tried to design and manufacture absorbers with high absorption, 
typically higher than 90% , the broad spectrum from UV to IR, especially in visible light and the full spectrum of 
solar radiation (280–4000 nm)45. To design such photonic devices, having a wide absorption bandwidth, polariza-
tion independence, and insensitivity to the direction of the incident light are indispensable. A conventional way 
to achieve a broadband spectrum is to combine different metallic and dielectric materials to overlap the multiple 
moderate-Q resonances at different wavelengths which effectively spans a broadband spectrum. To meet these 
criteria many researchers have reported high-absorption and broadband spectra in visible light, infrared, and 
particularly in the solar radiation spectrum. For instance, a wideband absorber in the range of 0.75–3.25 µm 
with an average absorption up to 80%46, a Ti-based absorber with the absorption of more than 90% and an aver-
age absorption rate over 93.17% in a wide range of 166.8–1926.6  nm47, a Ti/SiO2 nearly perfect absorber with an 
average absorption of 97% over 712 nm extending from 354 nm to 1066  nm48, and a metasurface-based perfect 
absorber with an average absorption around 97.5% covering the entire visible band have been  reported49. In 
addition to the diversity in the designed structures, plenty of the works concentrated on metasurfaces based 
on multidisks, conical elements, and pyramid-shaped  constituents50–58. Since the continuous modification of 
such structures from bottom to top can initiate different resonances, a broadband absorption can be achieved. 
Furthermore, in recent research studies, some novel photonic structures such as frequency selective rasorber 
(FSR) with both wide absorption and transmission  bands59,60, and innovative reflective meta-mirror with an 
ultra-wideband and high-efficiency characteristics by tuning the phase dispersion and reflection amplitude have 
been designed to achieve a wideband  spectrum61.

In spite of the indisputable advantages of the absorbers that have been reported, there are some drawbacks 
in terms of their design and applications. Some of the proposals are awkward for manufacturing and have many 
complex elements, the others are narrowband and applicable either in short wavelengths (UV and visible), or 
long wavelengths (infrared region), while some others despite their relatively broadband spectrum suffer from 
less absorption. Therefore, designing a broadband perfect absorber covering a wide range of wavelengths with 
high absorption in the range UV-IR, in particular, the full spectrum of solar radiation is still challenging. In this 
work, we propose a metasurface-based high-performance absorber in the wide spectrum from near UV to near 
IR. The unit cell of the proposed metasurface is composed of a truncated cone made of TiO2 which is surrounded 
by alternative conical TiO2/TiN rings, set on TiN/TiO2 layers. It is shown that our designed structure can absorb 
a wide spectrum in the range of 0.2–4.5 µm with absorption higher than 90% . The absorption of the structure 
is dependent on the truncated cone angle. By optimizing the geometrical parameters including the radius of 
a truncated cone, we propose a structure that can absorb the solar radiation perfectly. In addition, absorption 
dependence on the polarization and incident angle of the incoming electromagnetic field is studied.

Results and discussion
A schematic diagram of the proposed structure is shown in Fig. 1. A metasurface composed of a periodic array of 
truncated-cone dielectric made of TiO2 and covered by alternative N layers of TiN/TiO2 rings of the same width 
W. The whole array is separated from the ground TiN reflector by a TiO2 spacer and designed on a silicon (Si) 
substrate. The periodicity P of the metasurface, defined as the center-to-center distance of two adjacent cones, is 
the same in both transversal directions (i.e., in the x and y directions). The unit cell of the proposed metasurface 
is shown in Fig. 1b. To show the geometrical parameters, in Fig. 1c the xz-plane cross-section of the unit cell is 
shown. Throughout this study the thicknesses of the planar TiN reflective layer of tr = 150 nm , and TiO2 spacer 
of ts = 40 nm , are kept constant. The bottom and top radii of the truncated-cone core are rb = 200 nm and 
rt = 101 nm , respectively. The multilayer shell is constructed of alternative TiN/TiO2 rings of height hm = 90 nm / 
hd = 20 nm , and the same thicknesses W = 30 nm . The height of the truncated TiO2 cone is equal to the sum-
mation of the heights of entire six TiN/TiO2 layers, i.e., hc = 6× ( hm + hd) = 660 nm . The side angle of the 
cone can be calculated easily through α = tan−1( h c /(rb − rt)) = 81.47◦ . The dispersive refractive indices of 
TiO2 and TiN are taken from the data  of62,63, respectively. In Fig. 2 we plotted the fitted FDTD refractive indices 
of TiO2 and TiN in the wavelength range of interest 0.2–4.5 µm.

The absorption, reflection, and transmission spectra of the proposed structure illuminated by a plane wave 
under normal incidence are shown in Fig. 3. It can be observed that the transmission from the structure is neg-
ligible, which is due to the high thickness of the TiN layer, as a result, the incoming energy can be reflected or 
absorbed by the structure, depending on the interaction of the light and the designed metasurface. Although an 
amount of the energy is reflected by the pattern, especially at the longest wavelengths, an absorption up to 90% 
with an average absorption of 94.71% in a broad bandwidth of 4.3 µm is revealed. This spectral absorption band 
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covers a wide range of wavelengths spanning in the range of 0.2–4.5 µm, which is exceeding 4-octave bandwidth. 
In addition, giving consideration to the advantage of high absorption applications in short wavelengths, a high 
absorption in the visible and its nearby UV and IR lights ranging from 0.33 to 1.86 µm with the absorption higher 
than 94.67% and the average absorption 97.25% can be seen. The broadening of the spectrum can be understood 
from the formation of a cluster of resonances spread throughout the spectral band of interest. Typically, the size 
of the resonator defines the resonance characteristics and the possible resonances which can be excited by the 
incident wave. In our optimized structure due to the existence of a stack of resonators, each resonator can be 
excited depending on the incident  wavelength56,64–66. The broadband absorption spectrum is generated by the 
peak resonances corresponding to the different ingredients of the pattern which can create overall dominant 
resonances in the spectrum including �1 = 0.69 µm , �2 = 0.96 µm , �3 = 1.36 µm , and �4 = 3.75 µm with high 
absorption around 98.94% , 99.98% , 98.41% , and 94.95% , respectively.

To further get insight into the origin of different resonances and the physical mechanism of the broadband 
absorption, in Fig. 4 we plotted the magnitudes of the electric field | E | in the yz-plane for the above-mentioned 
resonant maxima taken from Fig. 3. The contours show the normalized electric field to the incident electric 
field and the dashed rectangles indicate the part of the structure with the most confinement of electric field. 
As illustrated in Fig. 4a for the resonance of shortest wavelength �1 , the electric field is mainly concentrated at 
the edges of the upper and lowermost TiN rings, which can be attributed to the excitation of localized surface 
plasmons (LSPs) at the edge of TiN rings. At the resonant peak �2 , as illustrated in Fig. 4b, the second TiN ring 
(from the bottom) has been excited considerably, however, the nearby rings (the bottom and the third rings) 
and the topmost TiN rings have also been excited to some extent. At resonance �3 the middle TiN rings are 
strongly responsible for the excitation of plasmonic bound modes (see Fig. 4c). Finally, for the resonance of the 

Figure 1.  (a) Schematic diagram of the proposed metasurface absorber with periodicity P = 500 nm . (b) and 
(c) The unit cell and its xz-cross-sectional view. The body of the unit cell is made of a truncated cone-shaped 
TiO2 core of height hc = 660 nm with top and base radii of rt = 101 nm and rb = 200 nm corresponding to the 
side angle α = 81.47◦ . The core is surrounded by conical TiN/TiO2 rings of thicknesses W = 30 nm and height 
hm = 90 nm/hd = 20 nm placed on planar TiO2/TiN layers of thickness ts = 40 nm/tr = 150 nm . The whole 
array is supported by the Si substrate.

Figure 2.  The real (left axis) and imaginary (right axis) of TiO2 and TiN refractive indices taken  from62,63, 
respectively.
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longest wavelength �4 , an electric field confinement can be seen at the interface of the TiN/TiO2 rings and at 
the side of the upper ring; in this case both the propagating surface plasmons at the interface of TiN/TiO2 and 
LSPs at the side of TiN ring can trigger a strong electric field confinement which leads to a high absorption. It 
should be noted that the number of stacked layers of the structure has a notable impact on its absorption. In 
Fig. 5 the absorption spectra of the designed structure for a different number N of layers forming the TiN/TiO2 
rings were plotted. We kept constant the angle of the cone and other geometrical parameters as in Fig. 3 and 
varied the height of the cone accordingly, that is hc = N × ( hm + hd) . The figure reveals that the absorption 
of the structure increases significantly as the number of rings increases. However, the absorption enhancement 
rate is decreased by increasing the number of the rings, i.e., by increasing layer numbers from N=1 to N=2, the 
absorption enhancement is much higher than the situation when varying N from N=6 to N=7. In addition, the 
lower rings have more effect on the absorption in longer wavelengths, while the upper rings can considerably 
affect the absorption enhancement in short wavelengths which is perfectly compatible with our interpretation 
made in Fig. 4.

To see the effect of different elements in the proposed structure, we calculated the absorption for different 
configurations in Fig. 6. Firstly, we calculated the absorption of a thick TiN layer (150 nm) deposited on Si 
substrate (Config.1). As illustrated in Fig. 6 (blue-dotted line) in the short wavelengths, there is a narrowband 
absorption around � T = 0.4 µm , while the absorption is decreased as the wavelength increases. Due to the high 
thickness of TiN, the transmission is negligible, hence the planar structure can substantially reflect the incoming 
wave. When the TiN layer is covered by TiO2 spacer of thickness 20 nm (Config.2), some parts of the energy 
can be trapped in the spacer which leads to higher absorption in the short wavelengths which is accompanied 
by a red-shift in the dominant resonance around � s = 0.62 µm . For the long wavelengths, similar behavior as 
a TiN layer can be observed. By introducing a truncated conical TiO2 core the absorption is slightly increased, 

Figure 3.  Absorption (A), reflection (R), and transmission (T) spectra of the proposed metasurface absorber 
in Fig. 1 under a normal incidence. The resonance wavelengths �1 − �4 , and absorption bands higher than 90% 
(green band) and 94.67% (dotted lines) in the wavelength range of study starting from 0.2 µm are indicated in 
the figure.

Figure 4.  Electric field | E | distributions of the proposed broadband metasurface at yz-plane for resonance 
wavelengths, (a) �1 = 0.69 µm , (b) �2 = 0.96 µm , (c) �3 = 1.36 µm , and (d) �4 = 3.75 µm . The dashed 
rectangles localize the enhanced electric fields which are a manifestation for the excitation of the corresponding 
resonance.
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Figure 5.  Absorption spectra of the proposed metasurface absorber for a different number N of layers forming 
the TiN/TiO2 rings.

Figure 6.  Absorption spectra of different configurations. The resonance wavelengths � T = 0.4 µm for Config.1 
and � s = 0.62 µm for Config.2 are indicated in the figure. Here, the resonances �c1 = 0.42 µm , �c2 = 0.74 µm , 
�c3 = 1.01 µm , and low-absorption wavelength �c4 = 4 µm of Config.3 are pointed in the figure.

Figure 7.  Electric field | E | distributions of the conical TiO2 metasurface (Config.3 in Fig. 6) at yz-plane 
for resonance wavelengths, (a) �c1 = 0.42 µm , (b) �c2 = 0.74 µm , (c) �c3 = 1.01 µm , and (d) an arbitrary 
wavelength �c4 = 4 µm taken from low-absorption regime.



6

Vol:.(1234567890)

Scientific Reports |        (2022) 12:17066  | https://doi.org/10.1038/s41598-022-21740-0

www.nature.com/scientificreports/

specifically in shorter wavelengths, which can be attributed to the excitation of cone resonances (Config.3). To 
see this more clearly, in Fig. 7 the magnitudes of electric field are plotted for the resonances �c1 = 0.42 µm , 
�c2 = 0.74 µm , �c3 = 1.01 µm , and an arbitrary long wavelength in the low-absorption regime �c4 = 4 µm , 
where the corresponding absorptions are 94.6% , 95.8% , 81.0% , and 21.0% , respectively . As one can see from 
Fig. 7a,b, for the resonances �c1 = 0.42 µm and �c2 = 0.74 µm the electric fields are highly confined inside the 
cone, however for the resonance �c3 = 1.01 µm , which has lower absorption, the electric field is well localized at 
the walls of the TiO2 resonator. For the long wavelengths such as �c4 = 4 µm (Fig. 7d), there is negligible confine-
ment of energy inside the resonator which leads to the low absorption in the spectrum. It should be mentioned 
that the high value of the imaginary index of TiO2 in the short wavelengths can assist in higher absorption in 
this regime (see Fig. 2  and43,44).

Now let us get back to the Config.4 in Fig. 6, where the TiO2 core has been replaced by a cone made of TiN. 
In this case, due to the metallic behavior of TiN and excitation of surface plasmons resonances, the absorption is 
increased comparatively. When a conical TiO2 core is covered by a TiN shell an absorption enhancement can be 
observed (Config.5). Although, in this case a relatively higher absorption can be observed in short wavelengths, 
but this structure undergoes a low absorption in the short infrared wavelengths in the approximated range 
1.28–1.92 µm which leads to an absorption band with absorption higher than 89.4% in the whole spectrum. In 
this case, the broadband absorption can be achieved through the adiabatically change in the size of the rings 
which are continuously covered the central cone and scaled down from bottom to top of the cone, as a result, the 
resonances occur at different heights of the TiN  shell56,64–66. Finally, our optimized structure demonstrates higher 
absorption in the whole spectrum with a continuous absorption band higher than 90% (Designed).

Next, we present how the side angle of the cone can affect the absorption of the proposed structure. In Fig. 8a 
we plotted the absorption for different side angles of the truncated cone varying from the critical values α = 90◦ 
(a cylindrical core) to α = 73.14◦ (tapered cone). Additionally, in order to quantitatively compare different 
schemes, in Table 1 we have tabulated the values of boundaries of the absorption spectral band, the bandwidth, 
and the corresponding average absorption. It can be observed from the figure, when the elements of the structure 
are cylindrical-shaped, in the whole spectrum range (0.2–4.5 µm), there is no broadband response with absorp-
tion >90% . The absorption of the structure in both short and long wavelengths increases as long as the side angle 
α decreases, in such a way that spectral bands with absorption higher than 90% can be created for the values 
α = 85.67◦ and α = 81.47◦ in the wavelength ranges 0.45–1.96 µm and 0.2–4.50 µm, respectively. The latter case 
is the optimized structure with the absorption band covering the whole defined spectrum from near-ultraviolet to 

Figure 8.  The absorption spectra for the designed metasurface, (a) varying the side angle α of the truncated 
cone, and (b) for different values of the periodicity P of arrays. The other parameters are kept constant as Fig. 3.

Table 1.  Absorption band for absorption >90% versus different side angles of the cone in the range of 0.2–0.45 
µm.

α(deg) Band edges (µm) Bandwidth (µm) Average absorption ( %)

90 – – –

85.67 0.45–1.96 1.51 94.66

81.47 0.2–4.50 4.30 94.71

78.86 0.2–4.19 3.99 96.83

76.78 0.2–4.00 3.80 98.11

74.74 0.2–3.83 3.63 98.61

73.14 0.2–3.70 3.50 98.63
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near-infrared, 4.3 µm wide. By further decreasing the top radius of the cone (i.e., decreasing the side angle of the 
cone), the absorption in short wavelengths increases while it decreases at the limit of longer wavelengths. From 
Fig. 8a, one can see setting the side angle α = 76.78◦ an absorption band in the range 0.2–4 µm can be observed 
which perfectly coincides with the full spectrum of solar radiation whereas the average absorption is significantly 
as high as 98.11% . By further tapering the cone, the absorption in short wavelengths stands high while in the 
longer wavelengths it slightly experiences a reduction, where for the tapered angle α = 73.14◦ ( r t = 0 ) a super 
absorption is created in the wavelength range 0.2–3.25 µm with absorption higher than 97.40% and dramatically 
average absorption 99.31% . Such vigorous absorption attributed to our proposal with the broadband response 
is much more favorable than previously reported approaches for full solar spectrum absorption. To better com-
pare our structure with other absorbers we tabulated the characteristics of some relevant references in Table 2.

The other parameter that can critically affect the absorption response is the periodicity of the metasurface. 
Figure 8b shows the absorption spectra of the proposed structure for different values of the periodicity P. The 
figure reveals that for the values of P greater than the optimized structure (P=500 nm) the absorption of the 
structure is mostly reduced in the spectral band of interest. This is more evident in the long-wavelength ranges. 
This is mainly caused by the fact that the effective area of metasurface covered by the periodic array is compara-
tively reduced and the separation between neighboring cones is increased, which reduces the interaction of a 
given unit cell with the adjacent unit cells. It is worth noting that the periodicity of the structure along with the 
geometrical parameters such as the thickness and the height of the metasurface elements have a crucial role in 
its absorption band edges. The band edges of metasurface absorbers can be tuned to longer wavelengths such as 
infrared and microwave when the geometrical parameters are chosen  appropriately67–70.

The absorption level and the bandwidth of the proposed structure can be tuned through the top radius of 
the truncated cone in the wide range of 0.2–4.5 µm. Since the solar energy is mainly concentrated in the range 
0.28–4 µm with more than half of its energy in the UV and visible light, and the rest in the infrared region. Thus, 
high absorption in this range is of particular interest in solar energy harvesting applications. To better quantify 
the advantage of the proposed structure as a solar absorber, we introduce the solar absorption efficiency η as:

where, IAM1.5(�) is the spectral intensity of solar radiation in the US continent taken from the global tilt AM1.5 
data, and �min = 0.28 µm and �max = 4 µm are the minimum and maximum of the solar radiation wavelengths 
at AM1.545.

Figure 9 shows the solar radiation at AM1.5 and the associated absorption of three different cases illuminated 
by solar radiation AM1.5. Additionally, the absorption of the respective structure under a plane wave illumina-
tion of unit intensity is plotted on the right axis. As can be seen from Fig. 9b, the unstructured planar surface can 
partially absorb the solar energy, in particular in the visible, and nearby ultraviolet and infrared lights. In this 
case, using Eq. (1), the absorption efficiency yields 68.6% . When cylindrical metasurface elements are introduced 
in the planar structure, as it is shown in Fig. 9c the solar energy can be absorbed more efficiently ( 90.6% ). Finally, 
for the tapered-like cone α = 76.78◦ due to the high absorption in the whole spectrum of interest, the absorption 
curve is perfectly matched with the solar radiation. As a result, the absorption efficiency rises dramatically up to 
99% which indicates that the proposed structure is a superb optical absorber in light gathering applications such 
as solar cells and thermal energy collectors when compared with some reported absorption efficiencies in Table 3.

In addition to broadband and high-level absorption, an optimal superabsorber should prove polarization 
independence and wide-angle absorption characteristics. To do so, in Fig. 10 we depicted the absorption spectra 
for different incident angles θ (the angle between the wave vector of the incident plane wave and the opposite 
direction of the z axis) for transverse electric/magnetic (TE/TM) polarizations, in which the electric/magnetic 
field is in the x̂/ŷ direction. Here, we simulate the structure of a metasurface with a conical element of α = 76.78◦ 
for different angles of incidence. For the sake of comparison, in Table 4 we tabulated the minimum level of 

(1)η =

∫
�max

�min
A (�) IAM1.5(�) d�

∫
�max

�min
IAM1.5(�) d�

,

Table 2.  Comparison of our proposed superabsorber with recently-reported relevant absorbers.

References Band edges (µm) Bandwidth (µm) Average absorption ( %)

Our proposal ( α = 81.47◦) 0.2–4.5 4.3 94.71

Our proposal ( α = 76.78◦) 0.2–4 3.8 98.11

Our proposal ( α = 73.14◦) 0.2–3.25 3.05 99.31

Ref.58 0.25–3.7 3.45 97.5

Ref.57 0.3–2.54 2.24 99.17

Ref.56 0.1–2.5 2.4 96.11

Ref.47 0.1668–1.9266 1.7598 93.17

Ref.54 0.2–4 3.8 93

Ref.53 0.4–1.5 1.1 99.6

Ref.48 0.354–1.066 0.712 97

Ref.52 0.4–0.85 0.45 98.1

Ref.49 0.4–0.76 0.36 97.50
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absorption, average absorption, and absorption efficiency in the spectral band of interest. It can be observed 
from Fig. 10 and Table 4 that with the increase of incident angle, the absorption of both polarizations is slightly 
decreased. For a wide range of incidence angles until 50◦ , the given structure can provide high absorption perfor-
mance within the solar spectrum. We point out that such a dependence of the absorption on the launching angle 
is more sensitive to the TM polarization. In the inset of Fig. 10 the magnitude of electric field | E | is depicted in 
the yz-plane of normal ( θ = 0 ) and oblique ( θ = 50◦ ) incidence for wavelength � = 4 µm . The magnitude of 
the electric field is dropped by factors 0.8 and 0.7 for TE and TM polarizations, respectively. Since the absorption 
efficiency over the volume of an optical element is proportional to the intensity | E |277, thus the absorption of TM 
polarization is more reduced in comparison to the TE polarization. Moreover, from Table 4 it can be seen that the 
absorption efficiency η is slightly reduced with the increment of the incident angle, in a manner, by changing the 
incident angle from normal to 50◦ the absorption efficiency is dropped from η = 99% to η = 97.46% and 95.6% 
for TE and TM polarizations, respectively.

Finally, in practical terms of fabrication over a large area, various techniques with good optical performance 
have been applied for the preparation of cone-based metasurfaces by combining temperature-controlled deposi-
tion. For instance, by means of a pulsed laser deposition  method78, and texturing via chemical  lithography79 or 
focused-ion-beam (FIB)  milling80. Particularly FIB technology is potentially useful here since it enables precise 
tapering by using grayscale bitmaps to control the beam dose during the FIB milling. Alternatively, nanopat-
terning via colloidal nanosphere  lithography56,81 have demonstrated high flexibility and tunability, additionally 
enabling fabrication over a large surface area, thus becoming a technology to be considered here. To conclude, 
our proposal can benefit from multiphoton polymerization that is a promising technique well suited if increasing 

Figure 9.  Absorption of the proposed metasurface under a solar spectrum at AM1.5. (a) solar radiation at 
AM1.5. (b–d) are the absorbed energy of the planar structure, metasurface with cylindrical elements, and 
metasurface with truncated cones of α = 76.78◦ , respectively.

Table 3.  Comparison of the absorption efficiency η of our proposed solar superabsorber with some reported 
relevant structures.

References Structure η (%)

This work Conical TiN/TiO2 rings array 99

Ref.71 Cubic W–Al2O3 array 96

Ref.72 W/SiO2 ring-disc array 97

Ref.73 SiO2/TiO2 /W hyperbolic metamaterials 95

Ref.74 TiN/TiNO/ZrO2/SiO2 nanofilms 92

Ref.75 Triangular Ti-based array 91

Ref.76 Mo truncated-cone array 92
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the complexity of the building block in the metasurface, demonstrating the highest resolution of all additive 
manufacturing  techniques66,82,83.

Conclusions
In summary, we presented a metasurface superabsorber consisting of an array of truncated conical TiO2 sur-
rounded by alternating conical TiN/TiO2 rings. The metasurface elements were placed on a relatively thick layer 
of TiN which strongly diminishes the transmission of the structure. The numerical calculations demonstrated 
that the designed structure can absorb a normal-incident electromagnetic wave in the band of 4.3 µm wide with 
nominal absorption higher than 90% , and average absorption 94.71% in the whole spectrum of the study, i.e., 
0.2–4.5 µm. The simulated electric field distributions show that the overall broadband high absorption band can 
be attributed to the excitation of individual modes of each elementary resonator included at different heights of 
the conical unit cell, and surface plasmons resonances. The absorption of our design can be well modified over 
a wide range of wavelengths by tailoring the metasurface elements from cylindrical- to tapered-shape through 
the radius of the tapered side of the conical unit cell. The results indicated that when the unit cell is cylindrical-
shaped no considerable absorption can be achieved. By tapering the truncated cone the absorption can be 
increased significantly so that for the tapered-like cone, an absorption band 3.8 µm wide in the range 0.2–4 µm 
with absorption higher than 90% was created. This spectral band, matching the full solar spectrum radiation, 
has an approximate average absorption of 98.11% . In particular, there exists a band in the range 0.2–3.25 µm 
with absorption higher than 97.40% and substantially average absorption over 99% . This made our designed 
metasurface for gathering solar radiation. So that, the proposed structure illuminated by solar radiation at AM1.5 
can dramatically absorb more than 99% of solar radiation in its full spectrum (0.28–4 µm). Additionally, our 
optimal structure has a weak sensitivity to the polarization and incident angle of the incoming electromagnetic 
wave. By changing the incident angle from normal to 50◦ the absorption efficiency is decreased from η = 99% to 
η = 97.46% and η = 95.6% for TE and TM polarizations, respectively. As a consequence, the proposed structure 
can maintain its high absorbance for oblique incidences which can be applied for thermal energy harvesting, 
solar absorption, and infrared detection.

Figure 10.  Absorption spectra for different incident angles. (a) TE polarization and (b) TM polarization. In 
the inset, the magnitude of the electric field | E | is displayed in the yz-plane for normal and oblique incidence 
at wavelength � = 4 µm . Note that the electric field of the launching beam is always in the yz-plane for both 
polarizations.

Table 4.  Absorption levels and absorption efficiencies for different incident angles of TE and TM 
polarizations.

θ(deg)

Minimum 
Absorption 
( %)

Average 
Absorption 
( %)

Absorption 
Efficiency η(%)

TE TM TE TM TE TM

0 90 90 98.11 98.11 99 99

20 88.52 86.62 98.14 98.02 98.8 99.13

40 88.73 80.47 98.03 96.42 98.14 97.31

50 87.37 73.96 97.16 93.81 97.46 95.6
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Modeling and methodology
Our proposed structure in Fig. 1 is illuminated by a plane wave of unit amplitude propagated in the opposite 
direction of the z axis with linearly-polarized electric E y and magnetic H x fields in the y and x directions. 
For numerical simulations we applied finite-difference time-domain (FDTD) method using Lumerical FDTD 
 package84. The simulation was implemented in 0.5 µm× 0.5 µm× 1.1 µm in a 3D xyz box. The mesh size 4 nm 
in all directions was employed to ensure the numerical convergence. Thanks to the periodicity of the metasur-
face, we modeled a unit cell of the metasurface and applied proper periodic boundary conditions (for normal 
incidence) in xz- and yz-planes and perfectly matched layer (PML) in the z direction. To launch a normal plane 
wave of wavelength � , we set up a plane source (perpendicular to z direction) 80 nm above the top side of the 
cone with the wavelength in the range of 0.2–4.5 µm. In order to calculate the wavelength-dependent reflection 
R (�) and transmission T (�) of the structure, we positioned the frequency-domain field and power monitors in 
the planes 50 nm above the source and bottom of the TiN reflector, respectively. Due to the thick layer of TiN 
which is much larger than its penetration depth, the transmission would be substantially negligible, therefore it 
can be considered to be zero as:

As a result, absorption A (�) directly depends on reflectance, which is calculated by:

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on 
reasonable request.
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