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Abstract: The objective of this study is to design a broadband and wide-angle emitter based
on metamaterials with a cut-off wavelength of 2.1 um to improve the spectral efficiency of
thermophotovoltaic emitters. To obtain broadband emission, we conducted the geometric parameter
optimization of the number of stacked layers, the inner and outer radii of the nano-rings,
and the thickness of the nano-rings. The numerical simulation results showed that the proposed
emitter had an average emissivity of 0.97 within the targeted wavelength, which ranged from 0.2 pm to
2.1 um. In addition, the presented multilayer nano-ring emitter obtained 79.6% spectral efficiency with
an InGaAs band gap of 0.6 eV at 1400 K.
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1. Introduction

The conversion of solar and waste heat energies into electricity is a promising energy-harvesting
technology due to the abundance, omnipresence, and bio-friendly properties of these energy sources.
Thermophotovoltaic (TPV) devices harvest electromagnetic energy and convert it to electrical
energy [1]. A heat source, a thermal radiator, and photovoltaic (PV) cells are the fundamental
parts of a TPV system. The role of the thermal radiator is to convert solar or waste heat energies
into thermal radiation, from which a PV cell generates electricity using the photovoltaic effect [2].
However, the conversion of electromagnetic energy to electrical power happens only when the photon
energy is higher than the energy band gap of the PV cell. To maximize the power of electricity
generation and increase the efficiency of TPV systems, the energy of photons should be higher than
the band gap of the PV cell. For this reason, the selective emitter should be a perfect broadband and
wide-angle emissivity above the band gap energy of the PV cell. If the TPV emitter has high emissivity
within the targeted wavelength region and low emissivity above cut-off wavelength, the PV cell can
effectively operate to generate electrical power with relatively low thermal loss [3-5].

TPV emitters can be designed in 1D [1,6,7], 2D [8], as grating and 3D photonic crystals [9-11], or from
artificial optical materials known as metamaterials. Metamaterials contain repeating patterns at small
scales and have properties that have not yet been found in nature [12,13]. Metamaterial emitters are
typically designed with different symmetry structures such as disks [14,15], squares [16-18], crosses [19-21],
pyramids [22-25], nanowires [26,27], cones [28], and nanoparticles [3] to increase TPV performance achieved
by perfect emissivity above the energy band gap of PV cell. Similarly, the nano-sized ring has been studied
for various applications because of high sensitivity and multiplexing capability [29]. However, there has
been less consideration of a nano-sized ring for TPV emitters. For this reason, it is important to design the
nano-sized ring emitter with consideration to cut-off wavelength to maximize energy conversion efficiency.
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In this study, we designed an emitter based on metamaterials to enhance a perfect broadband and
wide-angle absorber within the energy band gap of InGaAs (which had cut-off wavelength of 2.1 um to
increase the efficiency of the TPV system). Based on numerical simulation, we optimized a multilayered
nano-ring structure on the basis of proposed metamaterials such as number of layers, radius and thickness
of the ring. Near perfect and wide-angle emissivity were obtained at the target wavelength (visible and
near-IR), which matched with the InGaAs cut-off wavelength at 2.1 pm. In addition, we obtained 79.6%
spectral efficiency of the emitter at 1400 K and enhanced efficiency of the TPV system.

2. Research Methods

Figure 1 shows the proposed metamaterial structure comprising tungsten (W) and aluminum
nitride (AIN) multilayer rings (n-layers), with a top layer of W, where n is the number of W and AIN
layers due to high operation temperature (<2000 K). W has been used for high temperature applications
due to a high melting temperature (3722 K). AlIN, too, has sufficient melting temperature (2500 K)
and, in particular, good oxidation resistance [30,31]. Thus, W and AIN are suitable for fabrication.
A unit cell has a stacked layer, designed with strips of W and AIN with height h; from nano-rings
with a periodic distance A, an inner radius r, and an outer radius r;. A thin film of AIN, thickness
hy, is designed on top of a W film of thickness hs3, which acts as a perfect reflector. The width of
the unit cell was A =400 nm, the thickness of the AIN and W film were h, = 40 nm and hz = 120 nm,
respectively, and these parameters were fixed in this study. The variables were the number of staked
layers (n), inner (r1) and outer radius (r;), and thickness of the nano-ring layer (h;).

Numerical simulation was conducted on the unit cell with A =400 nm using a three-dimensional
electro-magnetic wave and the wavelength domain study was performed using COMSOL Multiphysics
software. During the numerical analysis, we assigned the perfectly matched layer on the top and bottom
of the computational domains to minimize reflection. The periodic boundary condition was also set at
both the right and left boundaries to account for an infinite flat surface on the emitter. The electromagnetic
waves on the emitter were considered to be incident plane waves. The refractive index (optical properties)
of the metallic film (W) and the dielectric spacer (AIN) was taken from [32,33], respectively.

During the numerical analysis, we considered two ports. The first port was known as the in-port,
which produced electromagnetic waves, and the second port was called the out-port, which transmitted
the incident wave. From the simulation results, we gathered the Scattering parameters (S-parameters).
We assume that no transmittance occurred, as the back of the reflector was made by W. Thus, we can
calculate the reflection coefficient based on the S-parameter of S1;; S;; meant the signal ratio between
the incident wave and the reflected wave. Consequently, we can calculate reflectivity as:

p=1-|I%=1-15;] 1)

where p and I are reflectivity and reflection coefficient, respectively. In addition, we also derive
the absorptivity and emissivity based on Kirchhoff’s law with the assumption of no transmittance as follows:

e(A) =ad) =1-p(7) @

Finally, we evaluate the emissivity based on absorptivity from the simulation results.

Figure 1. Schematic representation of the designed metamaterial structure.
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3. Result and Discussion

3.1. Effect of Number of Layers (n) and Outer Radius (r1)

Figure 2 showed the effect of number of stack layers (n) and the outer radius of the strips (r1) on
the spectral emissivity of a selective emitter. As shown in Figure 2, two peaks occurred in the case
of a single ring layer: the first peak was found at a wavelength of 0.5 um and the second peak at
a wavelength of 2.8 um. In Figure 2a, as n increased, the first peak was slightly changed and the second
peak shifted to lower wavelengths. This result suggested that the stack layer number influences and
maximizes the emissivity for the second peak. The widest and most near perfect broadband emissivity
occurs when n =11, (red line) at ry = 120 and h; = 15 nm for each layer of nano-ring. Figure 2b showed
the dependence of the outer radius r; on the emissivity. As can be seen, when radius r; was increased
from 90 nm to 130 nm, the emissivity spectra of the second peak was maximized and was a near perfect
broadband. Our results revealed that when the number of layers was 11 and the outer radius was
120 nm, perfect broadband and emission with consideration of cut-off wavelength was achieved.

To explain the perfect broadband absorption, we analyzed the electromagnetic field around
the multilayer ring emitter. Several excitation mechanisms occurred with resonance frequencies; here,
we considered magnetic polariton. This excitation method can powerfully localize the electromagnetic
energy in the dielectric (AIN) layer, which was inserted between the first W ring layer and the ground
W film layer, as well as between two consecutive metal (W) layers in a ring (metal-dielectric-metal or
W-AIN-W). Due to the existence of free charge on the thin film W surfaces of the ground layer, the first
W ring layer, or between two sub-layers in the nano-rings, there was a net flow of oscillating electric
currents, which resulted in induced magnetic fields. This mechanism was known as the excitation of
magnetic polaritons (MPs) [34]. The simultaneous collaboration of magnetic polariton (MP) resonances
at a targeted wavelength created a near perfect broadband emissivity.

The origin of the electromagnetic property of a metamaterial came from the arrangement of
the periodic unit cell and its geometry. The electromagnetic properties can be controlled by changing
the parameters of the W and AIN strips, their pitch, and the number of layers. Conducting particles with
a resonance size of the order A/10 were well known, where A was the wavelength of the electromagnetic
wave [35]. Our design contained a multilayer structure, through which we can achieve resonances at
different wavelengths due to the MPs. The combination of these resonances enhanced broadband
emissivity. A nano-ring and multilayer selective metamaterial emitter design were chosen for
polarization-independent broadband emissivity.
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Figure 2. The emissivity spectra of the proposed metamaterial at (a) the variation of number of ring
layers n at r; = 120 nm and (b) the change of the outer radius r; at n = 11. Inset in (a) is a side view of
the number of layers and in (b) it is the top view.
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Figure 3a—c illustrated the distribution of the normalized energy flow at wavelengths of 1.9, 2.1,
and 5 pum, respectively. A traveling electromagnetic wave in space carries energy and its energy density
is related to electric and magnetic fields. The amount of energy flowing through a given unit area
in the perpendicular direction to the incident energy per unit of time is called the Poynting vector
(S = Re (E x H*)/2) [22], where S is poynting vector, Re is real, E is electric field and H* is complex
conjugate of magnetic field. As shown in Figure 3, we recognized that the pointing vector field was
matched with the magnitude of emissivity. The results showed high-energy density distribution at
high emission and weak-energy density distribution at low emission.

2=19um »2=5um Wim? \;n“

(a) (b) (c)

Figure 3. The distribution of energy flow (Poynting vector) at wavelengths of 1.9 um, 2.1 um and 5 pm
within a multilayer nano-ring: The results show that high spectral emissivity is close relation with high
energy density distribution: (a) e(A) = 0.96, (b) e(A) = 0.63 and (c) e(A) = 0.

3.2. Effect of Inner Radius (ry) and Thickness of Nano-Ring (hy)

As explained in Section 3.1, metamaterial properties are effectively related to geometry, such as thickness
of the dielectric and inner radius [28]. Figure 4 illustrates the effect of the inner radius r, and the thickness
of the nano-ring h;, on the spectral emissivity of the designed selective emitter. The results showed that
the increase of r, changed the peak from 1.7 um to 2.3 um; the changed peak caused a weaker interaction
between peaks and lower emissivity around 1.7 um. It meant that r, had a close relation with the peak
around 1.7 pm and 2.3 pm and maintained broadband emissivity below 2.1 um. The dependence of the
emissivity spectra on h; is illustrated in Figure 4b. When h; increased from 10 nm to 30 nm, the broadband
emissivity increased as value of h; increased from 10 nm to 15 nm and at that point decreased as h; increased
from 20 nm to 30 nm. This result showed that a near perfect broadband emitter can be obtained when h;
=15 nm (red line) and r, = 60 nm to yield broadband emissivity with an average of about 96.6% in the
wavelength region of 0.2 um to 2.1 um. The excitation of MP depends on the radius and thickness of the
dielectric layer [36]. The possible reason for enhanced broadband emissivity in the targeted wavelength is the
combination of excitation MP of multiple resonances. Finally, near perfect broadband emission was obtained
at target wavelengths from an optimized geometry of n = 11, r; = 120 nm, r, = 60 nm, and h; = 15 nm.
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Figure 4. The influence of geometry on the emissivity at (a) various inner radius r, at h; = 15 nm,
hy =40 nm, hy =120 nm, r; =120 nm, n = 11 and A = 400 nm. Inset in (a) shows the top view of nano-ring,
(b) various thickness of nano-ring h; at hy =40 nm.
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3.3. Angular Emissivity

The behavior of angular emissivity of TPV emitter is vital due to x-y polarizations angles of
electromagnetic waves [36]. We studied the effect of x-y polarizations and azimuthal angles on spectral
emissivity of the proposed selective emitter at a normal polar angle (6 = 0). However, the results show
that the designed metamaterial is independent x-y polarizations and azimuthal angles. This shows
that the proposed emitter is symmetric (nano-ring), which means that the polarization is independent.
Figure 5 showed optimized emissivity spectra, as the angular emissivity varied from 0° to 60° in
15° steps. The emissivity spectra at all angles were similar, but at 8 = 60°, some differences were
noted. The possible reason of obtained wide-angle spectral emissivity was the excitation of MPs.
The average emissivity at polar angle 6 = 60° was above 89.5% in the wavelength range of 0.2 um to
2.1 pm, but decreased dramatically beyond the cut-off wavelength. These emission spectra were well
matched with the external quantum efficiency (EQE) of InGaAs.
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Figure 5. The emissivity of the proposed metamaterial at different angular emissivity, with dimensions of
h; =15nm, hy =40 nm, h3 = 120 nm, r; = 120 nm, r; = 60 nm, n = 11 and A =400 nm: (a) as lines graph;
(b) as 2-D color fill.

3.4. Performance of TPV

Figure 6 illustrates a comparison of the emissivity spectra of the proposed multilayer nano-ring
metamaterial with other different thermal emitter metamaterials, wherein the shaded area indicates
the EQE of InGaAs (0.6 eV) [37]. The blue line represents the spectrum emissivity of the proposed selective
emitter, whereas other recent results are shown as a red dashed line, Woolf, et al. [20] and black dashed line,
Zhao, et al. [16]. As can be clearly seen, we obtained a near perfect broadband emitter above the energy
band gap of InGaAs, which dramatically decreased after the cut-off wavelength of 2.1 pm (blue line).
Due to the existence of a band gap in the PV cell, radiation energy below the band gap was considered as
waste energy, while low radiation energy above bandgap was mandatory (convertible) energy.

The red and black dashed lines showing spectral emissivity in the figure were designed as
an InGaAs PV cell with cut-off wavelength of 2.1 um; the red dashed line indicates a nearly perfect
broadband emissivity of wavelength less than 1.4 um and at that point it dramatically falls, whereas
the black line shows broadband emissivity but not perfect near infrared wavelength. Nearly perfect
broadband emissivity of 2.1 um wavelength enhanced the high spectral efficiency of the TPV emitter.
The average spectral emissivity at a wavelength range of 0.2 um to 2.1 um band gap of InGaAs PV
cell was about 96.6%, 79.7% and 81.7% for the blue, red dashed and black dashed lines, respectively,
showing the performance characteristics of the designed nano-ring to be superior to the preceding
work (red and black dashed line). Thus, our optimized emitter had a high performance.
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Figure 6. Comparison of the spectral emissivity of the proposed metamaterial (blue line), the external
quantum efficiency (EQE) of InGaAs thermophotovoltaic (TPV) cells (shaded area), and results from some
recent papers ([16,20]) compared to other researches on emitters for In-GaAs photovoltaic (PV) cell.

To our knowledge, the cut-off wavelength, perfect emissivity below cut-off wavelength, and low
emissivity above cut-off wavelength are the factors that require emphasis when designing an emitter,
especially to increase the performance of a TPV system. In this study, we designed a multilayer ring
metamaterial that offers better spectral efficiency performance in a TPV system.

To evaluate the efficiency of an optimized emitter for a TPV cell, we analyze the efficiency of the
TPV system. The efficiency of a TPV system to convert radiated heat to electrical power is given by
Equation (3) [3,22]:

_ _ Pout
NPV =TSPy =5 ®)

rad
where 775p is the spectra efficiency of the emitter, #sp is the efficiency of the photovoltaic cell, Py, is
the maximum output power, and P, is the total radiant power from an emitter.
Spectral efficiency #sp is defined by Equation (4) [38]:

_ B EWe(dr "

TSP = S E (A )e(A)dA
where A is the cut-off wavelength, E(A) is emission spectrum of a blackbody, and &(A) is spectral
emissivity of the proposed selective emitter metamaterial.

We extended our study of the optimized multilayer selective emitter with a black body at different
temperatures to calculate the spectral efficiency of both the designed selective emitter and the black
body. Spectral efficiency can be calculated using Equation (4). The best efficiency is achieved when
the selective emitter has perfect emissivity above the band gap energy and low emissivity below
the band gap energy. Figure 7a shows a comparison of the spectral irradiance of the black body
with the selective emitter metamaterial at temperatures from 900 K to 1300 K. Figure 7b shows a
histogram as the percentage of the spectral efficiency of the black body (black) and the selective
emitter (blue) at different temperatures. As the temperature increased, the spectral efficiency also
in-creased; this indicated that the emission peak shifted to a lower wavelength as the temperature
rose, which showed that the emission spectrum peak was above the band gap region. The optimized
design of the emitter had h; = 15 nm, hy =40 nm, h3 = 120 nm, r; = 120 nm, r; = 60 nm and 11 layers
of nano-rings and achieved high efficiency of TPV. Table 1 shows the spectral efficiency of TPV cell
InGaAs at different temperatures (1000 K, 1200 K, and 1400 K) for single-layer and multilayer versions
of the proposed selective emitter metamaterial.
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Figure 7. Comparison of the spectral irradiance and the spectral efficiency of a black body with the
designed selective emitter at 900 K, 1000 K, 1100 K, 1200 K, and 1300 K. (a) Spectral irradiance of the
proposed emitter was high radiation in the target wavelength and low radiation above the cut-off
wavelength. (b) High spectral efficiency was obtained. For instance, 6.52% of radiated energies were
convertible at 900 K by a black body; however, 50% of the radiated energies were convertible by
designed selective emitter at 900 K.

The results indicate a spectral efficiency (17sp) 76% and 82.4% for InGaAs with a 0.6 eV band
gap, comparing that Woolf et al. [20] achieved 43% and 52% spectral efficiency at 1300 K and 1500 K,
respectively. This demonstrates that excellent spectral efficiency is required to enhance efficiency of
TPV systems. We also calculated the spectral efficiency of the proposed emitter from 0.2 to 15 um to
checked error beyond 5 pm wavelength. The difference was less than 1% of the spectral efficiency,
and thus wavelength above 5 um was neglected; however, the spectral efficiency of the black body
was higher than 1% beyond the wavelength.

Table 1. Spectral efficiency of single-layer and multilayer.

InGaAs (A, = 2.1 um)

Temp. [K]
Single-layer Multilayer
(115p%) (115p%)

1000 27.6 59.0
1200 43.0 71.6
1300 50.1 76

1400 56.6 79.6
1500 62.3 82.4

4. Conclusions

In this article, we proposed and numerically analyzed a multilayer optical selective emitter for
TPV applications, based on a metamaterial design. The metamaterial exhibited polarization and
azimuthal angle independent selective emission. We considered InGaAs with energy band gap of
0.6 eV and a cut-off wavelength of 2.1 um. Geometric parameters such as the radius of the nano-rings,
the number of layers, and the thicknesses of the thin films were studied and optimized to achieve
perfect broadband emissivity above the band gap energy. The proposed metamaterial increased
the efficiency of the TPV system. Efficiency was also enhanced when all radiated photons were
absorbed by the TPV cell. The proposed multilayer exhibited an enhanced near perfect broadband
and a wide-angle average emissivity of above 96.6% between the wavelengths of 0.2 um to 2.1 um
on optimization of the geometric parameters. Furthermore, 79.6% spectral efficiency was obtained
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at the cut-off wavelength of InGaAs of 2.1 um and at an emitter temperature of 1400 K. This result
contributed to the enhancement of the TPV performance.
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