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The efficient utilization of energy is essential for the normal and effective operation of photovoltaic (PV) cells in
thermophotovoltaic (TPV) systems. In this work, a broadband metamaterial antireflective coating (ARC) is
proposed to reduce the reflection losses, and Mie and Fabry-Pérot multiple resonances are used to optimize the
performance of TPV systems. Simulations and analyses are carried out using finite-difference time-domain
method and multipole decomposition to study the implementation of multiresonance responses of silicon reso-

nator nanoarrays. The designed ARC exhibits an excellent average reflectivity of 1.71% in the near-infrared band,
which significantly reduces the surface Fresnel reflection. The corresponding output power of the TPV systems is
increased by 24.58% through InGaAsP/InGaAsP/InGaAs triple-junction PV cells. The metamaterial ARC design
strategy can be broadly applicable, covering numerous material types and a long wavelength range, allowing for
flexible application in various demanding scenarios.

1. Introduction

Thermophotovoltaic (TPV) technology, which uses photovoltaic
(PV) cells to convert thermal radiation spectrum into electrical energy,
provides an environment-friendly route to renewable energy[1-4].
Improving efficiency is a goal that is still continuously pursued in the
current phase. The energy conversion process in TPV is divided into two
core steps: the thermal to optical conversion and the optical to electrical
conversion. In the pursuit of maximum efficiency, optimizing the front
emitter has become a key strategy. By tailoring the thermal radiation
spectrum to accurately match with the response spectrum of PV cells,
radiation energy losses are effectively reduced. This area of research has
achieved remarkable progress[5-7]. Nevertheless, optimizing the per-
formance at the receiving end is also a proven strategy [8,9]. Among
many challenges, the problem of optical loss is particularly prominent,
which significantly limits the conversion efficiency of PV cells. Specif-
ically, Fresnel reflection arising from high refractive index difference
between semiconductors and air will lead to 30% optical loss, which
seriously restricts the output efficiency of PV cells. Antireflective coat-
ings (ARCs) provide an effective remedy that helps increase the local

density of light states in the active absorber layer and improve the
external quantum efficiency of PV cells. Conventional single or multi-
layered thin-film ARCs must satisfy the interference constraint that the
refractive index of each layer is the geometric mean of the refractive
indices of the surrounding layers and is limited by the thickness of each
layer and the substrate [10-12]. This increases the difficulty of finding
new materials with the desired refractive index. In addition, at long
wavelengths, the thickness of the layers increases substantially, leading
to increased light scattering and absorption, which is contrary to the
original design intent of ARCs.

The artificial subwavelength microstructure of metamaterial ARCs
offers a new way of thinking in the search for ideal-performance ARCs,
which can provide higher performance than the conventional ARC de-
signs. Previous works have focused on the use of metallic plasmonic
nanostructures[13-17]. Although antireflective effects can be achieved
by relying on plasmon resonance, the practical application of plasmonic
nanostructures is still hampered by a number of practical difficulties. For
example, the metal itself has a large ohmic loss [18], which inhibits the
local surface plasmon resonance of metal nanoparticles; the metal sur-
face is susceptible to oxidation, and the formed oxide film can alter the
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optical properties of metal nanostructures [19,20]. All-dielectric nano-
structures are gradually coming into the limelight [21,22]. According to
Mie theory, the maximum achievable scattering efficiency for sub-
wavelength particles under a given multipolar excitation depends only
on the resonance frequency and not on the type of the material [23].
This theory suggests that high-refractive-index dielectric nanoparticles
[24] (e.g., Si, Ge, and GaP) can be used to achieve many of the plasmonic
effects observed in the scattering of light by metallic nanoparticles.

The unique low-loss resonant behavior of dielectric nanoparticles
can induce many subwavelength resonance effects [25,26], as well as
the coexistence and interference of strong magnetic and electric reso-
nances [27-29], which provide additional degrees of freedom for optical
manipulation. Given that the resonance of high-refractive-index
dielectric nanoparticles is determined by their characteristic di-
mensions and the optical properties of the material itself, the resonance
can be modulated effectively and conveniently. Pala et al. [30] indicated
that a trapezoidal nanoresonator metasurface design can efficiently
couple to broadband Mie resonators and guided mode resonances across
the entire solar spectral range, thus providing broadband absorption
enhancement. Lee et al. [31] proposed multiresonance light-trapping
ARGs for ultrathin c-Si solar cells based on an array of Mie resonators
with a bimodal size distribution, which resulted in a 48% increase in
short-circuit current density (Js.) and a power conversion efficiency of
up to 11.2% at one solar irradiation compared with planar Si cells. The
aforementioned studies on ARCs have mainly focused on PV cells
absorbing the solar spectrum. Relatively few studies exist on ARCs
applied to thermal radiation spectra with peaks in the near-infrared
band.

In this work, a multiresonant metamaterial ARC suitable for TPV
systems is proposed, which realizes double-dipping and wide reflectance
characteristics in the near-infrared band with an average reflectance of
1.71%. The output power of the TPV system increased to 1157.31 mW/
cm? when combined with the InGaAsP/InGaAsP/InGaAs triple-junction
PV cell, significantly enhancing the photon energy capture efficiency.
The coupled interactions between Mie and Fabry—Pérot (FP) resonances
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in nanopatterned layers are studied intuitively using a theoretical model
based on finite-difference time-domain (FDTD) method and multipole
decomposition. This design strategy is universal, can be applied to all
high-refractive-index materials and different wavelength ranges, and
can be widely used in absorbers, image sensors, and photodetectors.

2. Modeling and simulations

As shown in Fig. 1, the proposed all-dielectric metamaterial ARC
consists of a thin layer of MgF, and ZnS at the bottom and Si nano-
resonators at the top. Si is one of the most suitable materials for the
manufacture of all-dielectric optical components [32,33], with a
high-refractive-index and a relatively low optical loss in the visible and
near-infrared wavelength ranges. The superposition of MgF, and ZnS
thin layers can form a structure with decreasing refractive index, which
leads to enhanced coupling to the window layer of the PV cell (AlInP)
and to a reduction of the optical loss in the transmission of the light to
the active absorber layer of the semiconductor. The optimal structural
parameters of the designed ARC are Si nanostructures with upper edge
length a = 90 nm, lower edge length b = 170 nm, height h = 300 nm,
distance between unit cells d = 80 nm, and thickness of the lower thin
layers of MgF, and ZnS of 30 nm and 40 nm, respectively. The selected
PV cells are InGaAsP/InGaAsP/InGaAs triple-junction cells with a long
wavelength response (800-1800 nm) suitable for TPV systems. The
simulation domain in the x-y plane is set as periodic boundary condi-
tions, and perfectly matched layers are applied in the z-direction in the
FDTD simulation domain [34]. The electromagnetic waves are incident
perpendicular to the metamaterial ARC, and the electric and magnetic
field components of the electromagnetic waves are simultaneously
parallel to the ARC plane. Palik data [35] are used for the simulated
material properties.
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Fig. 1. Schematic structures of (a) the designed metamaterial ARC and (b) the conventional Al,03/TiO2 ARC. (c) Variation in reflectance with wavelength for Al,03/
TiO, and metamaterial ARC. (d) Variation in metamaterial ARC with angle of incidence and wavelength.
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3. Results and analysis
3.1. Optical performance analysis

As shown in Fig. 1(c), the conventional Aly;03/TiO4 antireflective
ARC exhibits an average reflectivity of 12.55% in the same broadband
range. By contrast, the designed metamaterial ARC exhibits excellent
double-dip reflection performance in the spectral range of 850-1800
nm, with an average reflectivity of only 1.71%. The higher reflectivity in
the 700-800 nm band helps minimize the effect of the conversion of
high-energy photons into thermal energy on the performance of PV cells.
The antireflection performance for non-normal angles of incidence is
also satisfactory in practical applications. Fig. 1(d) shows the reflectance
spectrum of (s, p) polarizations as a function of the angle of incidence
(from 0° to 60°). p- and s-polarized lights have almost no effect on the
reflectance spectrum. Multiple reflection peaks appear in the reflection
spectrum with increasing angle of incidence. At the incident angle of
60°, the average reflectivity of the metamaterial ARC is 15.93%. No
remarkable dependence of the reflectance spectral behavior on the angle
of incidence in the range 0°-40° is observed. This wide-angle response
and insensitivity to polarization demonstrate that well-designed arrays
of fully dielectric nanostructures are beneficial for improving the overall
performance of PV cells.

3.2. Physical mechanism analysis

Electromagnetic multipole expansion is used to analyze the electric
and magnetic fields generated by spatially localized charges and cur-
rents and to study the interaction of electromagnetic fields with material
systems [36,37]. Multipole decomposition based on induced current
into the Cartesian electric dipole (ED, P), magnetic dipole (MD, M),
toroidal dipole (TD, T), electric quadrupole (EQ, Qqup), and magnetic
quadrupole (MQ, Myp) moments is performed using the following for-
mulas in the long-wavelength approximation [38]:
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where o is the frequency, c is the light velocity, and r is the position
vector, denoted by r (%, y, z). The indices « and f indicate the Cartesian
axes X, y, and z. The induced current density distributions J(r) can be
obtained from the electric field distributions E(r) through the following
equation:

J(r)= —iweo(n® —1)E(r) (6)

where n is the refractive index of the structure, and &g is the dielectric
permittivity of free space. The corresponding total scattering cross sec-
tion can be expressed as
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Fig. 2(a) illustrates the contributions of each radiating multipole
moment to the far-field scattering power in Si nanostructures. Different
multipole moments have different contributions to far-field scattering
power, with the MD predominating in the short wavelength range of
600-900 nm. Specifically, at a wavelength around 650 nm, the TD, EQ,
and MQ exhibit varying degrees of resonance peaks, whereas the ED and
MD display troughs. At approximately 720 nm, the contribution from ED
and MD resonance gives obvious peaks, especially MD, which produces a
reflection peak in the reflection spectrum at 720 nm. It is noteworthy
that at 935 nm, the scattering cross sections of ED and MD are equal,
exhibiting spectrally overlapping electric and magnetic dipolar Mie-type
resonances, and their phase difference approaches zero at this wave-
length. This signifies that the TD and MD resonances interfere with and
cancel each other out. This result exactly fulfils the first Kerker condition
[21,39], which shows the suppressed backward scattering and intense
forward scattering, mimicking the forward propagation behavior of the
elementary Huygens’ source [40-42] and achieving an almost zero
reflection effect for the ARC, as shown by the first arrow in Fig. 2(b). At
1600 nm, the designed ARC exhibits a second dip, as indicated by the
second arrow in Fig. 2(b). Comparing the reflection spectrum of the ARC
with the Si nanostructures absent, it can be seen that the low reflection
characteristic of the designed ARC at 1600 nm is attributed to the FP
resonance induced by the Si nanostructures. In a word, the designed
metamaterial ARC can support Mie and FP resonance incident light
wave paths.

Fig. 3(a)-(d) show the magnetic (x-z plane) field distributions at
722, 935, 1600, and 3000 nm, respectively. The black dotted lines and
the arrows in the field plots indicate the interface of the nanostructure
and the field directions for magnetic fields, respectively. At wavelengths
of 722 and 935 nm, almost the entire field amplitude is confined to the Si
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Fig. 2. (a) Scattering spectra of Cartesian ED, TD, MD, EQ, and MQ moments obtained by multipole decomposition; the red line indicates the phase difference of ED
and MD moments. (b) Reflectance spectra of the designed ARC with (red line) and without (blue line) Si nanostructures. Measured reflectance minima are labeled

with the corresponding antireflection mechanisms.
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3000nm

Fig. 3. Magnetic field |H| distribution (a)-(d), Poynting vector distribution (e)-(h), and far-field radiation (i)-(1) of the metamaterial ARC at 722, 935, 1600, and

3000 nm, respectively, in the x—z plane.

nanostructures and generates a transverse MD moment; by contrast, at
1600 and 3000 nm, this confinement disappears. As the increase of
wavelength, the magnetic field intensity gradually decreases, which is
consistent with the change of MD curve in Fig. 2(a). The distribution of
Poynting vectors and the far-field radiation distribution at different
wavelengths are used to investigate the optical transport of the designed
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ARC, where the Poynting vectors represent the directed energy flux of
the electromagnetic field. For the wavelength of 722 nm, almost all the
energy is confined in the Si nanostructures, and the optical flow is not
able to propagate downward, which leads to a large back reflection in
the far field, as shown in Fig. 3(i). Fig. 3(f)-(h) show that the energy flow
propagates vertically downward, and a light transport channel appears
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Fig. 4. Variations in the reflectivity of the designed ARC with top length a (a) and height h (b). The white dotted line shows the wavelength change when Si
nanostructures with different sizes generate TD and MD resonances with the same intensity. The red dashed line indicates the minimum reflectance due to

FP resonance.
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at the bottom edge of the Si nanostructure. The energy of the region
below the Si nanostructure increases visibly, and almost all the light is
forward scattered in the corresponding far-field radiation pattern. This
corresponds to the low reflection phenomenon at 935 nm and 1600 nm.

The reflectance of the designed ARC is further investigated as a
function of the top length a and height h of the structure, as shown in
Fig. 4(a) and (b). The white and red dashed lines represent the response
mechanisms that produce double dip. As a and h increase, the resonance
wavelengths of the excited Mie and FP resonances redshift, and the
distance between them gradually increases, leading to an increasing
distance between the corresponding reflection dips in the spectrum. This
result is due to the increase in volume of the Si nanostructures, as well as
the decrease in their sidewall slope. The size of nanostructures has a
great influence on the shape of reflectance spectrum but a minimal effect
on the magnitude of the reflectivity.

3.3. Performance improvement of photovoltaic cells

A high-performance ARC can make considerable light penetrate into
PV cells and improve the photoelectric conversion efficiency. Fig. 5(b)
shows the simulated EQE curves of solar cells with the designed ARC
(solid line) and conventional Al;O3/TiO, ARC (dashed line). In com-
parison with the EQE of PV cells with conventional Al;03/TiO5 ARC, the
EQE of PV cells with metamaterial ARC is significantly higher, indi-
cating that more photocurrent is generated. A gradual increase in EQE is
observed for each subcell from the top cell to the bottom cell, especially
for the bottom cell with a maximum increase of 23%.

The enhancement in ARC absorption directly translates into an in-
crease in Jg. and output power. The voltage and current density are
defined by the following equation:

kT < Joei —J
V_TZ {ni ln(—J : +1>} ®

i=1 0i

where kg is the Boltzmann constant, T is the temperature, q is the
elementary charge, Jy; is the reverse saturation current density of each
subjunction cell, and Jy; is the short-circuit current density of each
subjunction cell, calculated from the blackbody thermal radiation power
at certain temperature T.

Ei_1 2
Joi=q / Zn—EdE ©)
E; h3¢3 |:exp (kBETa) _ 1:|
Ei_1
Jsei= q/ %EQE(}»)I(L T)dA (10)
E;

where h is the Planck’s constant, c is the light speed and EQE(}) is the
external quantum efficiency of the PV cell. It represents the probability
of absorption of a photon of wavelength A by the PV cell and the pro-
duction of an electron. The blackbody radiation power I(4,T) can be
calculated as:

27hc? h
10,1) =25 [exp(kBjT)fl] an

For TPV system without considering the optimization of radiation
spectrum by emitter, the formula for electrical power P and ideal TPV
efficiency #ypy is:

P=Jv 12)

P lon{s)- o

As shown in Fig. 5(c), the current density-voltage (J-V) character-
istics of the TPV systems with different ARCs are calculated. The

Nrpy =
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Fig. 5. (a) Radiant power spectra of the blackbody. (b) EQE/R of PV cells with
metamaterial ARC and Al,03/TiO2 ARC. (c¢) J-V curves of PV cells with met-
amaterial ARC and Al,O3/TiO, ARC.
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enhancement of the TPV systems with the designed metamaterial ARC is
greater as the temperature increases, which is due to the redshift of the
peak of the thermal radiated light with the increase in temperature. At
1600 K, compared with the Jg based on the conventional AlyO3/TiO2
ARC, the Jg based on the metamaterial ARC increases to 692.12 mA/
cm? from 562.45 mA/crnz, which is a 23.05% increase, with a corre-
sponding 24.58% increase in maximum output power (from 928.97
mW/cm? to 1157.31 mW/cm?).

4. Conclusions

In summary, we demonstrate that an all-dielectric metamaterial ARC
combining Mie and FP resonances for applications in TPV system, which
achieves double-dip reflection in the NIR range. FDTD method and
multipole decomposition are used to analyze the multiresonance
response. Compared with that of the conventional Al;03/TiO5 ARC, the
average reflectivity of the metamaterial ARC in the 850-1800 nm
wavelength band decreases by 10.84%. Specifically, the overlapping of
ED and MD modes and their phases results in almost zero reflection and
maximum forward scattering at 935 nm through meeting the first Kerker
condition. The output power of the TPV system increases by 24.58%
when paired with InGaAsP/InGaAsP/InGaAs triple-junction PV cells,
which significantly improves the efficiency of photon energy harvesting.
This technology is expected to drive advances in optical components,
transforming applications in fields such as photodetection, display
technology, and energy conversion.
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