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Abstract

Fractal structures are natural patterns that repeat themselves. They have several unique features that make them ideal for
solar energy absorption and sensing applications. In this study, we present a high-performance, polarization insensitive
solar absorber comprises of a nickel (Ni)-made hash-shaped fractal geometry develop over a thin layer of gallium-doped
zinc oxide (GZO) features a high absorption rate that covers the visible and near-infrared wavelengths of the spectrum.
The results show that broadband aggregative absorptivity of 92% is attained between 380 nm and 3850 nm attributed to
remarkable localized surface plasmon resonance (LSPR) induced by the periodic array of Ni nano-resonators and surface
plasmon resonance (SPR) at the interface of GZO-SiO, layers. Further, the absorptivity remains above 90% from 670 nm to
3850 nm over a bandwidth of 3180 nm. With the utility of high-temperature resilient materials in the developed metamate-
rial structure, it shows potential for the thermal applications; as the results indicate the maximum heat radiation efficiency
is 92.88% at 1600 K. Aside from that, we provide insight into the broadband high solar light capturing characteristics of the
proposed device with the support of surface current density and electric field distribution study at the selective wavelengths.
Furthermore, the device’s parametric study revealed a minor impact on its absorptivity/emissivity characteristics while also
suggesting its robustness, which could be useful in device manufacture process. The overall benefits of the proposed device
show its potential for high-temperature solar energy harvesting applications and solar thermophotovoltaic (STPV) cells.
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1 Introduction Metamaterials-based optical absorbers are often classi-
fied into two types based on their operation: wideband and

Nanostructures based on metamaterials, sized at a fraction ~ narrow/selective band, depending on the intended applica-

of the operating wavelength, can effectively capture solar
energy and emit thermal radiation [1-4]. Their exceptional
ability for light wave absorption suggests potential utility in
various domains, including solar cells for energy harvesting,
sensors for the biomedical and chemical industries, and ther-
mal emitters for STPV systems [1-11]. Moreover, by tailor-
ing the nanostructures, they can be made useful to operate
in different frequencies windows including ultraviolet (UV),
visible, and infrared regimes [12-19].
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tion [12-23]. For example, wideband solar absorbers with
strong absorption properties in the visible and infrared
regions are well-suited for energy harvesting applications
[22, 23], TiN-based solar absorber and thermal emitter have
been discussed [24-26]. Also, fractal structures are utilized
to enhance the absorptivity [14, 16, 17], these fractals reso-
nators operate on LSPR across various wavelengths. All of
the aforementioned mechanisms come from the interaction
of electromagnetic waves with the nanoscale structure of the
solar energy absorbing device to achieve high absorptivity/
emissivity properties [22-26].

Specific to the wideband solar absorbers, numerous
studies indicate their operation in the visible and near-
infrared spectra [12-19, 27, 28]. For instance, authors in
ref. [12] report that a conical-shaped wideband absorber
made of SiO, and Al operates in the visible region
(400-1000 nm) with a solar absorption efficiency of 90%.
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Metal-dielectric-based several studies demonstrated that
metamaterial solar absorbers, made of different materials,
achieve with a solar absorption rate of 90% and above and
exhibit angular stability up to 40° [28, 31-34]. Recent stud-
ies have focused on metamaterial-based thermal emitters for
passive radiative cooling applications. It has been reported
that a machine learning-assisted dielectric metasurface-
based passive radiative cooler can effectively reduce tem-
perature by up to 15.4 °C [35]. Wang et al. [36], investigated
a daytime passive radiative cooler which show high solar
spectrum reflection up to 92% and a temperature reduction
of 9.5 °C.

Motivated by these studies, we present a study of polari-
zation insensitive ultrathin broadband fractal geometry-
based solar absorber made of high-temperature resilient
materials that operates in the visible, near-infrared and mid-
infrared spectral ranges. The constituents of the developed
solar absorber are nickel (Ni), tungsten (W), silicon dioxide
(Si0,) and gallium-doped zinc oxide (GZO) have high melt-
ing points (of > 1400 °C) [37—41] and thermally stability
which make it suitable for high-temperature thermal appli-
cations and solar energy harvesting. As the result of strong

Fig.1 a 3D view of fractal-
shaped solar absorber/emitter
panel, b 2D view of the unit cell
representing top layer geometric
information, and c¢ fabrication
procedure of the developed unit
cell design
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localized surface plasmon resonance (LSRP) due to the frac-
tal structure of the top metasurface layer and surface plas-
mon resonance (SPR) at the interface of GZO-SiO, layers,
results in solar absorption efficiency of 92% within the 380
nm-3850 nm wavelength spectrum. The structure’s sym-
metry of the metasurface ensures stability of polarization of
the incident light and absorptivity remains stable up to 50°.
The proposed solar absorber design possesses the potential
for thermal emitter applications at high temperature.

2 Device design and simulation

Figure 1 presents the solar absorber 3D panel made of peri-
odically arranged unit cell of fractal hash-shaped top layer
geometry, along with 2D view of unit cell with necessary
geometric information and step wise details of fabrication
process. The unit cell comprises of three layers; where
top layer is made of nickel (Ni) featuring a hash-shaped
etched fractal geometry, followed by gallium-doped zinc
oxide (GZO) on substrate layer of SiO,, which has a die-
lectric constant of 2.25 [22]. A thick tungsten (W)-made
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Fig.2 Absorptivity of solar absorber; a absorption detail of layered structure, b detailed information of the optimum design-based solar absorber

and ¢ comparison with AM 1.5 solar spectra

bottom layer is utilized for the reflection of light waves. As
described above, the utilized materials in the design of the
solar absorber features with high-temperature resilient and
thermally stable. Here, we provide the geometrical informa-
tion of the fractal-shaped solar absorber is given as follows:
The panel of the proposed absorber/emitter (presented in
Fig. 1a) which is comprised of periodic unit cells period
P =500 nm. The thicknesses of four-layers structure from
top to bottom are defined as t; =65 nm for Ni, #, =30 nm for
the GZO, t, =135 nm for SiO,, and r=100 nm for W. The
dimensions of the top fractal layer (in Fig. 1b), are specified
as Hx=Hy=H=410 nm, Q=R=360 nm, S=30 nm, and
Q,=R,;=180nm, §; =15 nm, respectively.

The top two layers effectively absorb the light waves
owing to the optimized geometric configuration of the

Ni-based fractal geometry, which induces strong localized
surface plasmon resonance (LSPR) and at the interface of
thin layer of GZO and substrate, surface plasmon resonance
(SPR) further enhance the light energy absorption. The sub-
strate layer retains the absorbed energy within the struc-
ture, while the W-based layer at the bottom preventing light
wave transmission. The proposed solar absorber, with a Ni-
made fractal-shaped geometric design along with optimized
dimensions of the thin layer of GZO, exhibits significant
solar absorption, facilitating the capture of light waves over
the broad spectral range.

The fabrication process for the solar absorber\ther-
mal emitter, made of four distinct layers, is explained and
depicts in Fig. 1c. The proposed design is realized through
the utilization of micro/nano-manufacturing techniques. The
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«Fig.3 a-d represent thermal emitter radiation spectra for differ-
ent conditions of operating temperature 400 K, 800 K, 1200 K, and
1600 K, respectively, and e thermal radiation efficiency versus tem-
perature

construction of the suggested absorber/thermal emitter con-
sists of multiple stages as follows: The initial step involves
electron beam deposition—a thin layer of tungsten (W) is
applied to the bottom-side of the SiO, substrate. In the sec-
ond step, a thin layer of gallium-doped zinc oxide (GZO)
and a thin layer of nickel (Ni) are deposited on the upper
surface of the SiO, substrate, as illustrated in the figure.
The subsequent, third stage involves electron beam lithogra-
phy (EBL) and the lift-off process. The concluding method,
EBL, lift-off procedure, and the photoresist are exposed to
create a grating array structure [29, 30].

We evaluate device’s absorption [23] as
A(A) =1 — [R(A) + T(A)] using specified parameters. R(4)
and T'(A) are the reflectance and transmittance at wavelength
4, respectively, and can be defined in terms of S-param-
eters as R(1) = |S11|2 and T(A) = |521|2- Here, S;, and S,,
are reflection and transmission coefficients, respectively.
The term T'(A) becomes zero as a result of the thick W bot-
tom layer. According to Thermodynamics law, solar energy
absorbed by the medium is equivalent to the emissivity £(41);
therefore, it can be formulated as (1) = A(A4). To attain S,
boundary conditions on the unit cell along the x- and y-axis
are employed in the CST software, with a light wave in the
spectral range of 380 nm—3850 nm incident on the upper
metasurface layer of the absorber structure and propagating
along the z-axis.

The spectral AM 1.5 can be calculated as [32]

T TA(A) X Ty s(A)dA "
rl b: = max
T L s
where A.;, = 380 nm and A,,, = 3850 nm, and I, 5(4)

defines the solar irradiation spectrum as a function of
wavelength.

For studying thermal emitter characteristics of our devel-
oped metamaterial-based nanostructure made of high-tem-
perature and oxidation resilient materials, we evaluate the
device performance with heat radiation efficiency under
high-temperature conditions up to 1600 K. The heat radia-
tion efficiency is defined as [32]:

Amaxpe 2y x Ig(4, T)dA

Amin
ng = 2
B Amax g3 TYdA @

Amin

In above Eq. (2), £(4) is the emissivity of the thermal
emitter, /5(4, T) denotes the intensity of ideal black body
radiation, depending upon wavelength and temperature.

3 Results and discussion

Figure 2a illustrates the absorptivity/emissivity character-
istics of the absorber, considering it layered structure. Each
layer’s impact on absorptivity is analyzed. Absorptivity
increases with the addition of layers. The incorporation of
Ni hash-shaped layer has improved absorption within the
visible solar spectrum. Figure 2b illustrates the absorptivity/
emissivity spectra of the proposed solar absorber. The figure
shows the absorptivity curve spanning over the wide spec-
tral window ranging from 380 nm to 3850 nm. The broad
absorptivity/emissivity arises from the pervasive LSPR and
SPR causes by the top two layers geometry. The absorp-
tivity/emissivity of the developed device cover broadband
spectrum including visible, near-infrared and mid-infrared
regimes. The absorptivity/emissivity plot shows the total
absorptivity/emissivity of 92% within the 380 nm—-3850 nm
spectrum. The absorptivity/emissivity remains above 90%
from 670 nm to 3850 nm. Due to the broadband high absorp-
tivity/emissivity characteristics and utility of high-temper-
ature resilient materials in its development, the device is
potentially useful for the high-temperature solar energy
harvesting, thermal emitter applications, and infrared imag-
ing and sensing. Figure 2b demonstrates the comparison of
the developed solar absorber light energy capturing abil-
ity with comparison to the standard solar AM1.5 spectral
radiation model curve. It is clearly depicted that the devel-
oped device is showing spectral matching with the standard
solar AM model and therefore, can be useful for the highly
efficient solar cells-based applications. Dendrite-based,
square-shaped and Sierpinski fractals [14, 16, 17] have been
reported for solar absorber applications; however, a compari-
son of the proposed absorber with existing fractal absorbers
has demonstrated superior results.

Using (2), Fig. 3 illustrates the thermal emission spec-
tra of the developed metamaterial structure for different
operating temperature conditions. The red shaded area
demonstrates the thermal emitter radiations curve of our
developed nanostructure, and the blue line curve demon-
strates the spectral irradiance of the ideal blackbody radia-
tions over the operating spectrum. Considering Fig. 3a, it
is noticed that the spectral irradiance of blackbody and
thermal emitter has good agreement. Figure 3b and ¢ dem-
onstrates the spectral irradiance for operating temperature
800 K and 1200 K, respectively. It is observed that spec-
tral radiations increased with the increase the tempera-
ture. Figure 3d depicts the emission spectra for 1600 K,
it is observed that the radiation intensity is improved in
vis. and NIR spectra for higher operating temperature.
These features of thermal emitter make it potentially use-
ful for the high-temperature thermal applications. Fig-
ure 3e shows the heat radiation efficiency vs operating
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Fig.4 Absorption spectra for oblique incident a for TE mode, b for TM modes and ¢ polarization angle for TM mode

temperature ranging from 400 K to 1600 K. This curve
shows the thermally stable behavior of the developed met-
amaterial-based structure where heat radiation efficiency
shows a minimal variation from 92.37 % to 92.88% over
the temperature range of 400 K-1600 K. Therefore, the
developed device possesses the potential for its possible
use for the high-temperature thermal applications.

For the most of engineering applications, polarization
insensitive nature and wide angular stability of the solar
absorber/thermal emitter devices are desirable. Therefore,
we studied the impact of the polarization and obliquity of
incident light on absorptivity/emissivity of the proposed
solar absorber. Figure 4a shows the absorptivity/emissiv-
ity plot for TE mode at various incidence angles ranging
from 0° to 60° for this mode, the angular stability is high
(up to 50°) to maintain the high absorption characteristics.
Figure 4b presents the absorptivity spectra plot for the TM
mode. The absorptivity is noticed to be significantly higher
in comparison with the TE mode. The angular stability in

@ Springer

this scenario reaches up to 60° to maintain high absorption
properties as illustrated in Fig. 4b. The higher angular stabil-
ity of the proposed absorber makes it suitable for thermal
emitter applications. Further, effects of the polarization on
absorptivity are considered. Figure 4c illustrates the absorp-
tivity for different polarization angles, indicating no signifi-
cant variation in absorption attributable to the symmetrical
geometry of the top layer of developed structure. In conclu-
sion, LSPR conditions exhibits insensitivity to the polari-
zation of the incoming light waves, rending the absorber
advantageous for industrial applications.

The examination of surface current density and elec-
tric field distribution aids in understanding the absorption
mechanism of light waves within the developed device.
Therefore, Fig. 5 demonstrates the flow of surface current
on the top and bottom layer of the absorber. Figure 5a and b
illustrates the surface current for a wavelength of 700 nm in
the top and bottom layers, respectively. The surface current
densities, represented by arrow shaped vectors, of top and



Journal of Computational Electronics (2026) 25:32

Page7of 11 32

Fig.5 Surface current densities
of the metasurface absorber a
700 nm (top layer), b 3500 nm
(bottom layer), ¢ 700 nm (top
layer) and d 3500 nm (bottom
layer)

bottom layers appeared to be parallel to one another, exhib-
iting the phenomenon of electric resonance. Consequently,
LSRP results from the electric resonance. Surface currents
for the top and bottom layers at the operating wavelength of
3500 nm are presented in parts (c) and (d) of Fig. 5, exhibit-
ing a trend analogous to that observed in the previous case.
Electric resonance is inferred to induce the strong LSPR
within the solar absorber structure.

Further, the electric field patterns of the top metasur-
face is analyzed for high absorptivity wavelengths such as
670 nm, 1100 nm, 2000 nm and 3850 nm, as illustrated in
Fig. 6a—d. The figures indicate that the electric field is sig-
nificantly confined within the metallic resonators of the top
metasurface for the lower operating wavelengths 670 nm,
1100 nm (as shown in Fig. 6a and b). Consequently, this
results in broadband high absorptivity. For higher wave-
length 2000 nm and 3850 nm, the electric field is remains
confined on the interface of GZO and Ni as depicted in
Fig. 6¢ and d. The field trapped at the top resonator surface
lead to LSPR, and field trapped at the interface of Ni, GZO
and SiO, attribute to SPR. Henceforth, absorption is due to
LSPR and SPR.
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Aforesaid results show the absorption results of the opti-
mized structure of proposed absorber. Figures 2, 3 and 4
illustrate the absorptivity/emissivity spectra associated
with the optimized parametric values. Here, we discuss the
impact of altering the geometric parameters of the device on
its absorption characteristics. Figure 7a presents the absorp-
tion considering period of the unit cell of fractal metamate-
rial absorber. The results show that optimized absorptivity/
emissivity is attained for P =500 nm. It can be observed that
variation in the dimension of the period of the unit cell has
a minor effect on overall absorptivity spectra. Therefore,
the proposed device has manufacturing tolerance for unit
cell period. Figure 7b shows the effect of GZO layer thick-
ness (f,) on the absorptivity/emissivity. The results indicate
that variation in the absorptivity curves is minimal over the
entire operating band for all thicknesses values examined,
which range from 20 nm to 40 nm. The optimal absorptivity
curve is attained with a substrate layer thickness of 30 nm. In
a similar manner, Fig. 7c shows the effect on the absorptiv-
ity while varying the thickness of the top metasurface layer
(t3) from 55 nm to 75 nm in increments of 5 nm. The results
show that changes in the thickness of the top metasurface

@ Springer
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Fig.6 Electric field distribution
patterns at the wavelengths of a
670 nm, b 1100 nm, ¢ 2000 nm
and d 3850 nm

layer have a negligible effect on the absorptivity of the pro-
posed absorber. The optimal results for the absorption are
attained at 65 nm. The analysis reveals that the developed
solar absorber exhibits considerable resilience to variations
in geometric parameters, thereby, maintaining stable perfor-
mance. The aforesaid discussion indicates that the proposed
device exhibits a high level of fault tolerance.

Table 1 presents a comparative overview of several recent
relevant published studies concerning metamaterial solar
absorbers/emitter operate in the visible and near-infrared
regimes with our work. The developed structure demon-
strates ultrathin dimensions, a relatively simple design, a
high absorptivity/emissivity rate, excellent thermal radiation
efficiency under high temperature conditions, attributed to
the incorporation of high-temperature resilient materials.
Additionally, it exhibits wideband operational capabilities in
the visible and near-infrared regions when compared to the
works documented in the table. The developed metamate-
rial-based structure design indicates potential for high-tem-
perature solar energy harvesting and thermal applications.

@ Springer

4 Conclusion

The aforementioned discussion reveals that the developed
ultrathin broadband fractal-shaped metamaterial absorber
and thermal emitter operate within the visible and near-
infrared regimes. The findings show that the designed
nanostructure, made from high-temperature resilient mate-
rials, attains a total absorptivity/emissivity of 92% across
380-3850 nm spectral range and demonstrates exceptional
thermal radiation efficiency exceeding 92.88% at 1600 K.
The strong light waves absorption across the broadband
spectrum attributes to LSPR induced by the top metasur-
face metal-made fractal geometry. Furthermore, the exam-
ination of surface current and surface electric field at high-
absorption wavelengths has provided insight details about
the light wave absorption. The device’s design symmetry
exhibits polarization robustness and maintains angular sta-
bility up to 50°. Moreover, results depict that developed
device would be useful for solar energy harvesting applica-
tions and has consistent efficiency under high-temperature
operating conditions.
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Table 1 Comparison of relevant existing studies with the proposed work

References Operating region (nm) Unit cell material Avg. Thermal  Operating band- Thermal Radiation Polarization
composition Emissivity width > 90%(nm) Efficiency robustness/angular
stability

This work 380-3850 Ni, GZO-W >90 3180 92.8@ 1600 K Yes/up to 50°
[14] 300-2500 TiN-SiO, >90 2200 - Yes/up to 50°
[31] 300-2500 MXene-SiO, >90 2200 - -

[32] 300-3000 Si0,-Ti >90 2382 94% @ 1000 K Yes/up to 40°
[33] 280-3000 Ti-Si0, >90 1645 94.4%@ 1000 K Yes/up to 50°
[34] 300-2200 HfO,-W >90 1900 87% @1600 K Yes/up to 60°
[41] 260-3000 Ti-Si0, >90 2720 94.4% @1600 K -

[42] 280- 2500 Mo >90 2220 41.8@ 1723 K -

[43] 200-300 MXene >80 2800 - Yes/up to 60°
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