Is1 Bilimi ve Teknigi Dergisi, 43, 1, 95-106, 2023
J. of Thermal Science and Technology

©2023 TIBTD Printed in Turkey

ISSN 1300-3615
https://doi.org/10.47480/isibted.1290741

GEOMETRIC OPTIMIZATION OF A NANOSTRUCTURED W-SiO2-W SELECTIVE
EMITTER WITH TEMPERATURE DEPENDENT EMISSIVITY FOR
THERMOPHOTOVOLTAIC APPLICATIONS

Eslem Enis ATAK®, Elif Begiim ELCIOGLU"", Tuba OKUTUCU-OZYURT*™
2 Middle East Technical University, Department of Mechanical Engineering, 06800, Ankara, Turkey
® Eskisehir Technical University, Department of Mechanical Engineering, 26555 Eskisehir, Turkey
¢ {stanbul Technical University, Energy Institute, Renewable Energy Division, 34469, Istanbul, Turkey
* eatak@metu.edu.tr, ORCID: 0000-0002-6866-5207
** ebelcioglu@eskisehir.edu.tr, ORCID: 0000-0002-1005-4294
*** okutucuozyurt@itu.edu.tr, ORCID: 0000-0003-4248-8043

(Gelis Tarihi: 15.09.2022, Kabul Tarihi: 31.03.2023)

Abstract: Metal-Insulator-Metal (MIM) nanostructures provide tunable multiple absorption/emission peaks desirable
for spectroscopy, light sensing and thermophotovoltaic (TPV) applications. The efficiency of TPV systems can be
improved by employing MIM emitters with resonators that allow high emission above PV cell bandgap and low
emission elsewhere. Although there have been attempts to design MIM emitters for TPV systems, a comprehensive
study that investigates and optimizes different resonator shapes is lacking. In this study, broadband TPV emitters with
W-SiO2-W nanostructures are optimized for pairing with GaSb PV cells. A numerical approach is followed utilizing
finite-difference time-domain method and particle swarm optimization scheme, MIM emitters with four resonator
shapes: disk, square, pyramid, and cone are dimensionally optimized to attain an emissivity spectrum that overlaps with
high quantum efficiency region of the GaSb cell. The optimized emitters are compared for efficiency, power output,
material consumption, as well as their optical response to temperature and angular effects. At an emitter temperature of
1600 K, electrical power outputs of 2.335-2.418 W-cm2 and spectral efficiencies of 56.2-57.6% are obtained. It is found
that flat resonators tend to achieve similar performance to that of pointy resonators with shorter heights. Among the
considered shapes, disk emitter demonstrates the highest efficiency with minimum material consumption. Compared to
a plain W emitter at the same temperature, the disk MIM emitter exhibits significantly higher spectral efficiency and
electrical power output (34% and 215% respectively). The results demonstrate the successful use of nano-elements in
TPV systems, and the potential for fabricating and realizing such structures.

Keywords: Metal-insulator-metal, selective emitter, surface plasmon polariton, magnetic polariton, nanostructure,
thermal radiation harvesting, particle swarm optimization.

SICAKLIGA BAGLI YAYINIM GOSTEREN NANOYAPILI W-SiO,-W SECIiCi
YAYICININ TERMOFOTOVOLTAIK UYGULAMALAR iCiIN GEOMETRIK
OPTIMIZASYONU

Ozet: Metal-yalitkan-metal (MIM) nanoyapilar, 1sik algilama, spektroskopi ve termofotovoltaik (TPV) uygulamalar
icin arzu edilen, ayarlanabilir sogurma/yayma spektrumu olusturur. TPV sistemlerin verimliligi, PV hiicrenin bant
aralig1 enerjisi lizerinde yiiksek, altinda diisiik yayma saglayan rezonatorlerin yayicida kullanimiyla iyilestirilebilir.
Daha 6nce MIM yapilarin TPV yayict olarak tasarlanma girisimleri olmasina ragmen, farkli rezonatdr sekillerinin
optimizasyon ve kapsamli incelenmesi eksiktir. Bu ¢alismada, GaSb PV hiicre ile eslestirilmek tizere, W-SiO2-W
nanoyapili genis bant TPV yayicilar optimize edilmistir. Zamanda sonlu farklar ydntemi ve pargacik siirii
optimizasyonu kullanilarak, disk, kare, piramit ve koni olmak tizere dort rezonatoér seklinin boyutlari, emisivitelerinin
GaSb hiicrenin kuantum verimliligiyle spektral olarak eslesmesi igin nlimerik olarak optimize edilmistir. Optimize
edilen yayicilar; verim, gii¢ ¢iktisi, harcanan malzeme miktari, yayma agist ve sicaklik degisimine karst optik
davranislar1 bakimmdan kargilastirilmistir. 1600 K yayict sicakliginda, 2.335-2.418 W-cm™ araliginda elektriksel giig
¢iktist ve %56.2-57.6 araliginda spektral verim elde edilmistir. Diiz yapili rezonatdrlerin, sivri yapili rezonatorlerle
benzer performanslara, daha algak boyutta nanoyapilarla ulastigi gozlenmistir. Incelenen sekiller arasinda, disk
rezonatdr kullanan yayicilarin en yiiksek verime en az malzeme kullanimi ile eristigi gézlenmistir. Disk rezonatorlii
yayicinin, ayni sicaklikta diiz W yayiciya gore, oldukea yiliksek spektral verim ve elektriksel gii¢ ¢iktis1 saglayacagi



gosterilmistir (sirasiyla, %34 ve %215). Calismanin sonuglari, nano elamanlarin TPV sistemlerde basarili kullanim ve

iiretim potansiyelini gostermektedir.

Anahtar Kelimeler: Metal-yalitkan-metal, segici yayici, yiizey plazmon polariton, manyetik polariton, nanoyapi, 1sil

radyasyon harmanlamasi, pargacik siirii optimizasyonu.

NOMENCLATURE

E Electric field intensity [V m™]

Eq Bandgap energy [eV]

E,»  Spectral blackbody radiation [W m2 um™]
Ein In-band radiation [W m?]

Eww  Total emissive power [W m?]

EQE External quantum efficiency

F Objective function

FF Fill factor

J Current density [A m?]

Jo Reverse saturation current density [A cm]
Jsc Short circuit current density [A cm?]

Pel Electrical power output [W cm]

Te Emitter temperature [K]

Tc TPV cell temperature [K]

Voc  Open circuit voltage

c Speed of light in vacuum [2.998x108 m s]
d Diameter or base width of the resonator [nm]
h Height of the resonator [nm], Planck’s

constant [6.626x103 m? kg s]

k Wave vector [m™]

Kp Boltzmann constant [8.617x107° eV K]
n Ideality factor

t Thickness of the dielectric layer [nm]

q Charge of an electron [1.602x102° C]

X Position of the particle

v Velocity of the particle

A Period of the nanostructure [pum]

oy, Spectral absorptivity

B Amendment factor

&1 Spectral emissivity

e Emitter (spectral) efficiency

nev Thermophotovoltaic system efficiency
Ag Wavelength of radiation corresponding to the

bandgap energy of the cell [um]
v Normalized open circuit voltage
P Spectral reflectivity

INTRODUCTION

The ever-growing need for energy in the world directs
researchers to look for alternative ways to convert
energy. Thermophotovoltaic (TPV) conversion is among
the promising candidates. A TPV system converts
infrared radiation emitted by a thermal source (emitter)
directly into electrical power by means of a photovoltaic
(PV) cell (receiver). Silicon (Si) and Gallium antimonide
(GasSh) are among the two most popular PV cells used in
TPV prototypes (Ferrari, et al., 2014), while the low
bandgap of GaSb (Ey = 0.72 eV) (Adachi, 2013) makes it
more suitable compared to Si (Eq = 1.12 eV) for TPV
systems with currently attainable emitter temperatures.

The biggest obstacle in development of efficient TPV
systems is the spectral mismatch between the thermal
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emission of the emitter and the PV cell bandgap. An ideal
emitter should mainly emit photons with energies higher
than or equal to the bandgap of the cell, i.e., in-band
photons. TPV system prototypes with GaSb cells usually
employ silicon carbide (SiC) or tungsten (W) based
emitters (Ferrari, et al., 2014). SiC emitters, although
generating a certain amount of power, have very low
efficiency due to their high infrared emissivity. W is a
suitable selective emitter for GaSb cells since it has high
emissivity in the in-band region of the cell. Spectral
selectivity can also be achieved by imprinting
nanostructures on materials surface. Nanopatterning is
usually applied to reduce reflectivity and increase the
absorptivity/emissivity of materials (Atak, et al., 2022;
Bandiera, et al., 2008; Deinega, et al., 2011; Yiiksel, et
al., 2015; Sai & Yugami, 2004). Among nanostructured
materials, metal-insulator-metal (MIM) configurations
were shown to further create multiple plasmonic
resonances that allows tunable absorption/emission
peaks (Aydin, et al., 2011; Yokoyama, et al., 2016; Lee,
et al., 2008; Sakurai, et al., 2015) which exhibits high
utility for TPV emitters. A MIM nanostructure is a tri-
layer metamaterial consisting of metallic base layer
(reflector), a dielectric spacer, and periodically placed
metallic patches (resonators) on top. Several researchers
employed MIM structures to design selective TPV
emitters (Wang & Zhang, 2012; Woolf, et al., 2014;
Song, et al., 2016), solar absorbers (Han, et al., 2016;
Han, et al., 2017), and TPV cells (Isobe & Hanamura,
2019). MIMs consisting of W and SiO, were shown to
produce broadband and high emissivity/absorptivity in
the available region of GaSb related cells. For example,
Wang and Zhang (Wang & Zhang, 2012) designed a TPV
emitter with W base, SiO, spacer, and W strips (W-SiO.-
W) which showed near unity absorption in the range
0.73-1.83 um. Zhang, et al. (2021) designed a W-SiO--
W absorber with W strips with trapezoidal profile that
showed high absorption between 0.55-1.9 um. However,
the one-dimensional grating structure causes polarization
dependence of the emissivity, and resonators as tall as
2300 nm are used. Zhao, et al. (2013) reported a similar
emitter design with square resonators, showing
polarization independent and high emissivity between
0.7-1.8 um. Han, et al. (2017) fabricated W-SiO,-W
based solar absorber with disk resonators that showed an
absorptivity over 90% between 0.5-1.75 pm, which
remained unchanged for incidence angles up to 40°. Zhao
and Fu (2016), numerically investigated a multilayer
periodic SiO,-W-SiO,-W grating and achieved high
emissivity suitable for InGaSb cells. The performance of
their design is similar to that of MIMs; however, its
structure is challenging in terms of fabrication.

Recent W based emitter designs encountered in the
literature have room for improvement. A major issue is
that the optical properties of W are mostly evaluated at



room temperature and considered in the same way to
design selective emitters (Yiiksel, et al., 2015; Wang &
Zhang, 2012; Song, et al., 2016; Zhao, et al., 2013;
Sakurai & Matsuno, 2019; Celanovic, et al., 2008;
Blandre, et al., 2019), although the spectral emissivity of
W varies greatly with temperature (Touloukian &
DeWitt, 1970; Roberts, 1959). Feasible TPV systems
should be operated at high temperatures (>1000 K) to
generate enough power for use. Temperature dependence
of spectral emissivity of W has considerable effect on the
efficiency estimation of TPV systems (Atak, 2021). As
an exception, the emitter design of Silva-Oelker et al.
(2018) does take high temperature optical properties of
W into account in their design. However, the one-
dimensional periodic structure of the emitter makes the
emissivity polarization-dependent and uses W resonators
as tall as 1 pm to reduce this dependency. This presents
a fabrication challenge, similar to that of Zhang, et al.
(2021). The most important issue is that the majority of
MIM studies focus on one resonator type, which are
usually disks or square patches. There is limited number
of MIM studies with pointy resonators such as trapezoids
(Zhang, et al., 2021), pyramids (Zheng, et al., 2019) and
truncated pyramids (Dang, 2020), but they are not
explored and optimized for TPV applications, and their
performance is not compared to MIMs with other
resonator shapes. In addition to the optical and thermal
performance, the amount of material consumption is also
affected by the shape of the resonators, which is
important for large scale fabrication. Thus, a
comprehensive study on the effect of shape on the
performance of TPV emitters should be performed.

Considering aforementioned gaps in the literature, the
objective of the present study is to optimize W and SiO;
based MIM emitters with differently shaped resonators,
to be paired with GaSb cells, and systematically
investigate the effect of resonator shape on the emitter
performance. The parameter optimized in this work is the
shape of the nano-elements, and the evaluation includes
the following four homeomorphic resonator shapes:
squares, disks, pyramids, and cones. The optimizations
are performed to achieve high efficiency and power
output at elevated temperatures. The optimized structures
are compared in terms of spectral efficiency, power
output, TPV system efficiency, material consumption, as
well as optical response to the changes in the emission
temperature and angles.

MATERIAL AND METHOD
Material

In this study, GaShb is selected as the TPV cell material,
due to its low bandgap and maturity of systems with
GaSbh cells. GaSb has a direct bandgap of 0.72 eV
(Adachi, 2013) , which corresponds to the energy of a
photon at a wavelength of 1.72 um. According to Wien’s
Displacement Law, in order to have thermal radiation
peak at this wavelength, a blackbody should be heated up
to 1680 K. In this work, W is selected as the metal base,
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due to its high melting temperature (3695 K) and low
evaporation rate in vacuum at temperatures up to 2000 K
(Gombert, 2003), exhibiting high temperature stability.

In MIM designs, weakly absorbing dielectric oxides are
usually used as the dielectric layer. SiO; is chosen as the
dielectric spacer in this work due to its high
transmissivity of the light in the visible and near infrared
range and high melting temperature (1983 K). MIMs
composed of W and SiO, have bheen successfully
fabricated as TPV emitters (Sakurai & Matsuno, 2019),
and solar absorbers (Han, et al., 2017). Kim et al. (2017)
has shown that a TPV emitter composed of multiple W
and SiO; thin layers were stable at 1300 K although they
displayed delamination spots at 1400 K. Compared to the
design of Kim et al. (2017), the MIM structure
considered in this work has fewer layers, hence it is
expected to be more resistant to delamination at higher
working temperatures. In this study, the MIM designs to
be optimized are composed of a W substrate, SiO;
dielectric layer, and periodically spaced W resonators on
top.

Method

An ideal broadband TPV emitter has an emissivity of 1
above the bandgap and 0 below the bandgap as given in
Eq (1). However, obtaining an emissivity spectrum with
a sharp cut-off is challenging, if not impossible. In order
to maximize in-band radiation with high utility,
researchers usually try to obtain a peak emissivity at
around the bandgap.

8(7\)={1’ 0<A<A,um )

0, ?\>Ag um

Having a peak emissivity at g results in considerable
emission for A > 4, which in turn decreases the overall
efficiency. Other than the bandgap, one alternate
parameter for TPV emitter design is the external quantum
efficiency (EQE) of the cell. EQE is defined as the
number of electron-hole pairs created per incident
photon. In PV cell applications, EQE peak does not
always overlap with the bandgap. For example, GaSb has
a bandgap of 1.72 pm, but GaSb cell produced by JX
Crystals (JXC) has its peak EQE (which is around 80%)
centered at A= 1.5 um and has nonzero values up to 1.80
um (Fraas, et al., 2002). A selective emitter matching the
high EQE region would have less out-of-band radiation
while maximizing the electrical power output. For
wavelengths below 0.6 pm, the EQE of GaSh is low and
the amount of radiation emitted by TPV emitters at
attainable temperatures (1000-2000 K) is negligible.
Therefore, the high emissivity region is set as 0.6-1.8 pm.
The emissivity for wavelengths longer than 1.8 um
should be suppressed to keep the out-of-band radiation
low. With these considerations, an objective function was
developed to maximize the emissivity of the emitter
within the high external quantum efficiency region of the



GaSb cell while suppressing the out-of-band radiation.
The objective function (F) is defined in Eq. (2).

1.8 5
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In order to prevent additional emissivity peaks, the long
wavelength limit of the low emissivity region is taken as
5 um. In this context, F is a measure of the selectivity of
the emitter, where high in-band emissivity and low out-
of-band emissivity maximizes its value. For an ideal
emitter, F should be unity. A similar optimization method
is previously used in the optimization of MIM emitters
for the GaSb cell where the designed emitter showed both
higher emitter efficiency and higher in-band radiation
than frequently used emitters such as silicon carbide
(SiC) and W (Atak, et al., 2021).

In the current design of W-SiO,-W emitter, the bottom W
layer is assumed to optically thick, i.e., the transmission
through it is assumed zero. By Kirchhoff’s law, for a
body at equilibrium, the emissivity and the absorptivity
should be equal at all wavelengths. Therefore, the
spectral emissivity can be calculated using Eq. (3):
g =0 =1-p, 3
The calculation of reflectivity from nanostructured
surfaces requires Maxwell’s equations to be solved. For
this purpose, a numerical algorithm, the Finite-
Difference Time-Domain (FDTD) method is employed.
Originally developed by Yee (1996), FDTD aims to solve
for the interaction of electromagnetic radiation with
arbitrarily complex geometries, by discretizing the
Maxwell’s curl equations. FDTD method is widely
employed in nano-photonics research.

In Figure 1, the four MIM designs and the computational
domain of a disk MIM structure are given. A plane light
source is incident normal to the x-y plane. The x and y
boundary conditions are periodic, since the nanostructure
design repeats in both directions. The z boundary
conditions are set as stretched coordinate perfectly
matched layer (PML) in order to prevent reflections from
the boundaries. This set of boundary conditions is
frequently employed in the simulation of periodic
nanostructures (Yiiksel, et al., 2015; Sakurai, et al., 2014)
and shown to be consistent with experiments (Matsuno
& Sakurai, 2017).

In the simulations, optical properties SiO, are taken from
Palik’s Handbook (Palik, 1998) since the emissivity of
SiO, is low and shows negligible temperature
dependence (Rozenbaum, et al., 1999). The temperature
of W is taken to be 1600 K since it was previously shown
that W-based TPV emitters can be operated around
similar temperatures (Fraas, et al., 2000). In order to
account for the change in the emissivity with
temperature, the Drude model by Roberts (1959) is used.
In order to validate the method, Silva-Oelker et al.’s
(2018), W-HfO,-W design with rectangular W strips is
studied using FDTD, and the results are compared with
those of Silva-Oelker et al. acquired by rigorous coupled-
wave analysis (RCWA) method. Silva-Oelker et al.’s
(2018) study is chosen for validation since the
temperature of W in their design (1680 K) is similar to
that of the present study. For accurate results, the mesh
step should be at least ten times smaller than the smallest
wavelength being simulated (Deinega, et al., 2011).
Since wavelengths shorter than 500 nm are not in the
scope of this work, the mesh step should be smaller than
50 nm. It is seen that the results converge to a constant
value at 5 nm mesh size and decreasing the mesh size
further did not improve the results, hence it is used for
the rest of the simulations. The result of the present
FDTD simulation is compared to the RCWA results of
Silva-Oelker et al. (2018). in Figure 2.

Periodic Periodic

Figure 1. The MIM designs and the computational domain of a disk MIM structure.
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Figure 2. Emissivity of W-HfO2-W emitter with rectangular
W strips of Silva-Oelker et al. (2018) obtained by RCWA and
the present FDTD Simulation

The emissivity spectrum for TM polarized light predicted
by FDTD (in the present work) is in good agreement with
RCWA results of Silva-Oelker et al. (2018) with a
maximum deviation of 9.1%, hence the model is
validated.

In another study of W based MIM emitters (Silva-Oelker,
etal., 2019), the polarization averaged spectral emissivity
is found to be a good approximation of the hemispherical
emissivity. Hence, in this study, majority of the FDTD
simulations are performed considering normal
emissivity.

Optimization

The objective function, F defined earlier by Eq. (2) is
formed to maximize emitter emissivity within the high
external quantum efficiency region of the GaSb cell and
suppress the out-of-band radiation. In order to find the
nanostructure parameters yielding the highest F given by
Eqg. (2), Particle Swarm Optimization (PSO) is employed.
PSO is a stochastic optimization algorithm designed by
Kennedy and Eberhart (1995). In PSO, firstly, possible
solutions called “particles” are generated, then these
particles are moved in the solution space until maximum
number of generations or a given convergence criterion
is achieved. The movements of particles are affected both
by their personal best positions and the best positions
attained by the other particles. A mathematical
description of the velocity (v) and the position (x) of each
particle at each iteration are given in Egs. (5a, 5b) (Shi &
Eberhart, 1998). With this iterative process, eventually,
all particles are expected to gather around the global best
position, similar to bees swarming around the region with
highest flower density.

v=w-v+ ;7 (Dpest — X)

+ 275 (Gpest — X) (5a)

(Sb)

xX=x+v
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In Egs. (5a) and (5b) w is the inertia factor, c; and c; are
weights, r1 and r, are random coefficients, ppest iS the
personal best position a particle has encountered, and gpest
is the global best position encountered by all particles. In
this work, w = 0.729 and c1 = ¢ = 1.494 are used as
recommended by Robinson and Rahmat-Samii (2004)
for electromagnetics.

In this optimization scheme, the position (x) vector is
multidimensional with each dimension representing an
optimization parameter. Since each additional parameter
increases the computational time exponentially, it is
important to assess the impact of each parameter and
optimize those with higher impact. The main physical
mechanism behind achieving broadband high emissivity
with MIM structures is exciting surface plasmon
polariton (SPP) and magnetic polariton (MP) resonances
close to each other on the spectrum. In Wang and Wang
(2013), it was shown that SPP resonance depends on the
period, while MP resonance depends on the resonator
width. In fact, the cut-off wavelength around 1.8 pm
remained unchanged between periods of 0.5-0.8 um. In
other studies, cut-off wavelengths between 1.57-1.83 um
were achieved for periods of 0.5-0.6 um (Han, et al.,
2017; Zhao, et al., 2013; Sakurai & Matsuno, 2019;
Khorrami & Fathi, 2019). In a previous study on
optimization of W-SiO,-W emitters with periods of 0.4-
0.8 pm, it was shown that using 0.4 pm period creates a
dip in the emissivity spectra due to the two main
resonances being too far apart on the spectrum (Atak,
2021). In the same study, it was also seen that minimum
resonator height is obtained at 0.6 um period. Therefore,
in the present work, a period of 0.6 pm is used. Since MP
resonance, which determines the cut-off wavelength
depends on the resonator width, it is varied between zero
and the period for the optimizations performed in this
study. The width is equated to base length for square
bases and diameter for circular bases. In Wang and Wang
(2013), it was observed that the absorptivity in general
increases with the resonator height, however, the peak at
the MP resonance begins to decrease after 150 nm. In the
same study, the thickness of the spacer layer is varied
between 30-150 nm. It was seen that the peak
absorptivity increased with SiO; thickness up to 80 nm,
beyond which it decreased. In Khorrami and Fathi (2019)
it was shown that the emissivity was enhanced gradually
by increasing the thickness of the SiO, layer from 30 nm
to 110 nm. Considering these findings, the range of
resonator height and SiO; layer thickness are set to 0-200
nm for the optimization.

In summary, in order to obtain the emissivity profile
giving maximum F, there are three parameters to be
optimized: resonator width (d), resonator height (h), and
the thickness of the dielectric layer (t). Within the scope
of this study, PSO procedures are followed separately for
each shape. The solution space is three dimensional with
parameters t, d, and h. For each optimization, 10 random
particles are generated initially. These particles are
moved through the solution space for 10 generations, and
evaluated according to F given in Eq (2).



Performance Evaluations

For this study, three metrics are considered to evaluate
the performance of TPV systems: the emitter efficiency,
the TPV system efficiency (radiation-to-electricity
efficiency), and the electrical power output. For the scope
of this study, the view factor losses are ignored since
emitter and cell are very close and parallel to each other.
The performance evaluations are based on the normal
emissivity since the emitter and cell usually directly face
each other in TPV systems and the selectivity of W-SiO,-
W structures is largely independent of angles (Han, et al.,
2017). The in-band radiation is defined as the emissive
power of the emitter within the wavelength range 0-A4, as
in Eq. (6).

A
E, = f e (DEy (4, T, )dA ©)
0

The total emissive power radiated from an emitter is
defined as in Eq. (7):

B = | 6B T @)
0

The spectral emissive power of a blackbody (E, ) is
given by Planck’s law (Incropera, et al., 2011) as in Eq.
(8):

C
Epp(L,Tg) = .

2°[exp(C,/ATg) — 1]

(®)

where C; = 3.742 x 108 W pum*m2 and C, =1.439 x 10*
W pum K.

The emitter efficiency (ye), also called the spectral
efficiency (Fraas, et al., 2003) is defined as the ratio of
in-band radiation to the total emissive power of the
emitter at a given temperature (Chubb, 2007), and shown
in Eq. (9).

)

2
Ny = Em fo Y e (DEyp (A, Tp)dA
" Erota Iy, &.(DE;p (A, T5)dA

The overall efficiency of the TPV system depends both
the emitter and the TPV cell. The TPV system efficiency
(ntev), as in Eq. (10), can be calculated by dividing the
electrical power output to the radiative power of the
emitter. It should be noted that this efficiency assumes a
view factor of unity.

Pel

Etotal

(10)

Nrpy =

The electrical power output (P,;) from a TPV cell is a
certain fraction (the fill factor, FF) of the product of open
circuit voltage (Voc) and the short circuit current (Js)
(Chubb, 2007) as in Eq. (11):

) Py =FF Jo 'V _(11)
The maximum current occurs when the TPV cell is short
circuited. This is called the short circuit current density,
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Jsc (@lso known as the photocurrent density) and is
calculated using Eq. (12) (Cai, et al., 2020).

q (%
Jse =3 f &) -EQE(A) - Ey, (4, T)Adr  (12)
¢Jo

In Egs. (6), (9) and (12), Aq of GaSb cell is taken to be
1.80 pum, since JXC standard GaSb cells show nonzero
EQE up to this value, meaning that current is generated
even after the known bandgap of GaSh. When there is no
current present, maximum possible voltage is achieved.
This is called the open circuit voltage (Voc) defined in Eq.
(13) (lles, et al., 1996):

ksl Jse

q Jo (13)

oc =

In Eq. (13), nis the ideality factor that is assumed to be
1. The reverse saturation current density (Jo), also known
as the dark current, is the current flowing when there is
no light present. Jo depends on the material as well as the
temperature of the cell. In the case of GaSb cell, an
expression for Jo in units A/cm? is derived by Fraas et al.
(1991) asin Eq. (14):

s

kB Tc

Jo = 1.84-1073T3 exp< (14)

Then, the fill factor (Eq. (15)) is calculated by (Qiu, et
al., 2006):

v —In(v+ 0.72)

v+1 (15)

FF =8

where v is the normalized open circuit voltage given as
in Eq. (16) (lles, et al., 1996):

Voc

v nkBTc/q (16)
In Eq. (15), B is the amendment factor which accounts for
cell parasitic losses. In the present work, £ =0.96 is used
as recommended by Qiu et al. (2006). In Egs. (13), (14)
and (16), the cell temperature (T¢) is assumed to be 300
K. In Egs. (6), (9) and (12), considering the JXC standard
GasSb cells, Aq is taken as 1.8 um in order to accurately
calculate the power.

RESULTS AND DISCUSSION

The optimum parameters found by PSO, the volumes of
the resonators and the corresponding F values are
presented in Table 1. All of the emitters converged to
similar values of F, with almost identical SiO»
thicknesses. However, the volume of the resonator varied
from shape to shape. Cone and pyramid resonators tend
to have smaller widths while having greater heights
compared to disk and square ones.



Table 1. The optimized nanostructure parameters and corresponding values of objective function, F

Resonator SiO; Resonator Resonator Resonator =
Shape Thickness (hm) Height (hm)  Width (hm)  Volume (nm?®)
Disk 112 28 322 2.28x10° 0.714
Square 113 36 276 2.74x10° 0.715
Cone 113 93 344 2.88x10° 0.710
Pyramid 113 105 285 2.84x10° 0.711

The smallest resonator height and volume are obtained
with the disk resonator. The height of the disk resonator
is 28 nm which is smaller than the resonators of similar
W based MIM emitters/absorbers (Wang & Zhang, 2012;
Song, et al., 2016; Han, et al., 2016; Han, et al., 2017;
Zhao, et al., 2013; Sakurai & Matsuno, 2019; Silva-
Oelker, et al., 2018; Wang & Wang, 2013; Khorrami &
Fathi, 2019). It is seen that cone and pyramid structures
tend to become taller compared to disk and square, in
order to achieve similar F. Among the four shapes,
pyramid is the tallest with 105 nm height. which is still
much smaller compared to a similar W-SiO,-W design
with trapezoidal resonators (Zhang, et al., 2021).

In Figure 3, spectral emissivity of optimized MIM
emitters with the four resonator shapes are shown in
addition to the spectral emissivity of plane W at 1600 K
and EQE of GaSbh (Fraas, et al., 2002) . It is seen that
MIM emitters regardless of the resonator shape can be
optimized to demonstrate high spectral selectivity.
Compared to plain W emitter, W-SiO,-W configurations
have substantially higher emissivity in the in-band
region, whereas emissivity becomes almost identical to
that of plain W around 5 pm. All four emitters showed
emissivity peaks at similar wavelengths, two peaks at
0.64 um, 0.78 um and a third peak between 1.22-1.28
pm.

Although the emitters are optimized to be used at 1600
K, it is useful to see how their selectivity is affected by
temperature. In Figure 4, the emissivity spectra of W-

SiO,-W emitters at temperatures of 300 K, 1100 K, and
1600 K are shown. The optical properties of W at room
temperature were taken from Palik’s Handbook (Palik,
1998) while Drude model of Roberts (1959) is used for
higher temperature considerations. It is seen that the
locations of emissivity two leftmost peaks around are the
same at all temperatures, however the rightmost peak
shifts towards lower wavelengths with increasing
temperature. The shift of the third peak between 300 K
and 1600 K temperatures is about 440-460 nm for disk,
square and cone resonators, and 360 nm for the pyramid.
It can be said that the selectivity of pyramid resonators is
less prone to changes in the temperature compared to
other shapes.

Next, the change in the emissivity spectra with the angle
of emission (the angle between emission and the surface
normal) is investigated. In Figure 5, the emissivity
spectra of the selective emitter at different angles are
shown. The angular emissivity values are calculated by
averaging TM and TE polarizations. It can be seen that
all emitters preserve high selectivity at the angle of
emission 30°. Although the emissivity at the leftmost two
peaks decreases with the increasing angle, the third peak
remains relatively unchanged. This can be explained by
the excitation of MP around this wavelength. It should
be noted that the rightmost peak of the cone emitter
undergoes a slight shift towards higher wavelengths at
30°, dissimilar to the others.
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0,9 1 80%
0.8 - - - - Square
' Pyramid 1 70%
. 0,7 ---- Conke 1 60%
=2 06 Dis
5 05 Plain W 1 50% &
2 . + GaShEQE 4 40% W
“ o3 1 30%
0,2 1 20%
0,1 1 10%
O’O 1 1 1 1 1 1 1 1 | O%
0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5 50
Wavelength (um)

Figure 3. Comparison of the emissivity spectra of MIM emitters with different shapes, and plain W at 1600 K
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Figure 4. The emissivity spectra of optimized W-SiO2-W
emitters with disk (a), square (b), cone (c), and pyramid (d)

resonators at different temperatures
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Figure 5. Spectral emissivity of the MIM emitter at
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Table 2. The spectral efficiency, TPV efficiency and power
output for the investigated emitters at 1600 K paired with
GaSb cells. The top four rows list the optimized emitters of
the present study.

Emitter e (Wierlnz) nTPV
Disk MIM 57.62% 2.335 16.53%
Square MIM 56.31% 2.418 16.18%
Cone MIM 56.63% 2.381 16.26%
Pyramid MIM  56.23% 2.392 16.14%
Plain W 42.93% 0.741 11.20%
Blackbody 24.58% 2.605 7.01%
Ideal Emitter ~ 100.00% 2.605 28.53%

Considering normal emissivity spectra, the emitter
efficiency, TPV efficiency and power output are
presented in Table 2 for optimized MIM and other
emitters at 1600 K paired with GaSh cells. The
emissivity spectrum of the ideal emitter is given by Eq.
(1) with g taken as 1.8 pm to cover all the wavelengths
with nonzero quantum efficiency. It is observed that on
average, npv is less than 30% of #e, which means that
most of the in-band radiation does not contribute to the
electrical power. This loss can be attributed to
thermalization, surface recombination, and other
intrinsic cell losses. The highest TPV efficiency is
obtained with the disk resonator, while the highest
power output is obtained from square resonator. The
difference in efficiency and power output results can be
explained by the difference in emissivity after the third
peak towards the out of band region as observed from
Figure 3. Compared to the planar W emitter at the same
temperature, the MIM emitter with disk resonator
demonstrates 215.1% higher power and 34.2% higher
spectral efficiency.

Although the efficiency and power outputs are similar,
the disk resonator can be argued to be the most
advantageous in terms of fabrication. Since it has the
shortest height among others, its top-down fabrication
requires less material and has shorter sputtering time.
The volume of the disk is 17% smaller compared to the
square resonator which is closest to disks resonator in
terms of volume. That means it is also advantageous in
terms of bottom-up fabrication. Therefore, we consider
the configuration with the disk resonator for further
investigations.

In Figure 6, considering temperature dependent
emissivity, the efficiency of the TPV system with GaSh
cell and optimized disk emitter is presented compared
to the ideal and the blackbody emitters in the
temperature range 1000 - 1800 K. For validation, the
efficiency of a TPV system with blackbody emitter and
JXC GaSb cell calculated by Sakurai and Matsuno
(2019) is presented as well. It is seen that the efficiency
of the optimized emitter is 2-6 times of that of the
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blackbody emitter and within 24-65% of the ideal
emitter.

30%
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¢ Blackbody (Sakurai & Matsuno, 2019)

Figure 6. TPV system efficiencies for the MIM emitter, the
ideal emitter, and the blackbody emitter in the range 1000 -
1800 K.

The efficiency values obtained by ideal, selective, and
blackbody emitters tend to get closer as the temperature
increases. This can be explained by the shifting of the
peak emissive power towards lower wavelengths
according to Wien’s Displacement Law. With
increased temperature, the ratio of in-band radiation to
the total emissive power increases for all emitters
considered. It should be noted that the ideal emitter in
this context does not represent the ultimate attainable
efficiency with a predetermined cell, rather, it
represents maximum attainable efficiency while
keeping the power output at maximum. In Figure 7, the
power outputs at different emitter temperatures are
presented for the selective emitter and blackbody
emitter. Between emitter temperatures of 1000-1800 K,
the emitter optimized in this study has a power output
of 0.043-5.261 W cm2 that is about 87-90% of that of
a blackbody.



—Blackbody Emitter

——Disk MIM Emitter

Power (W cm-2)

O 1 1 1
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1800

Figure 7. Electrical power outputs from TPV systems with
the selective emitter and blackbody at different temperatures

CONCLUSIONS

In this study, an improved selective emitter design is
proposed in order to work optimally with a standard
GaSb TPV cell. MIM emitters based on W-SiO,-W
structure with different resonator shapes are optimized
and their performances are compared. The
nanostructures considered in this work are disks,
squares, cones, and pyramids. During the design of the
MIM selective emitter, first, an objective function was
developed to maximize the emissivity of emitter within
the high external quantum efficiency region of the
GasSb cell while suppressing out-of-band radiation. By
using this objective function with the FDTD method
and PSO algorithm, the resonator width, height and the
thickness of the SiO; layer of the W-SiO,-W emitters
with four different resonator shapes are optimized. The
performance of each emitter is compared by their
spectral efficiency, TPV system efficiency, power
output, material consumption, as well as the optical
response to changes in temperature and emission angle.
As a result of the optimization, the SiO, thicknesses
converged to almost the same value for all emitters,
however the dimensions of W resonators varied
depending on the shape. Increasing the temperature is
shown to cause the shifting of the cut-off wavelength
towards lower wavelengths, with the selectivity of
pyramid being affected the least. Increasing the angle
of emission is shown to decrease the emissivity at short
wavelengths but it does not change the emissivity peak
near the cut-off wavelength, with the exception of cone
resonators. However, the differences in the response of
resonators to the angle and temperature effects are not
significant enough to reach robust conclusions. At 1600
K, with normal emissivity, spectral efficiencies
between 56.23-57.62% and electrical power outputs of
2.335-2.418 W cm are obtained. Since the emissivity
of MIM structures are minimally affected by the
emission angles, hemispherical emissivity is expected
to be similar to that of normal emissivity. Although the
performances are similar, it was found that the flat type
of resonators have smaller heights and volumes
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compared to pointy resonators, making them preferable
for fabrication. Among all designed emitters, the disk
emitter is found to be the most efficient while having
the smallest volume, hence material consumption. At
1600 K, the MIM emitter with disk resonators
demonstrated 57.62% spectral efficiency and 2.335 W
cm? power output, that is 34% more efficient and
produces 215% more electrical power compared to
plain W emitter at the same temperature. The findings
of this work may provide insights on the development
and fabrication of efficient selective TPV emitters and
solar absorbers which are expected to operate at high
temperatures.
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