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ABSTRACT

Thermophotovoltaic (TPV) devices, which can break the Shockley–Queisser limit (33.7%) and enhance the thermal energy utilization
efficiency, have garnered increasing attention in recent decades. Structuring the emitter surface has been demonstrated to be powerful for
tailoring thermal emission to enhance the power density and system efficiency of a TPV system. However, the design and optimization of
the broad parameters of the surface nanostructures manually remain to be thorny issues. In this paper, the Bayesian algorithm under the
framework of material informatics was coupled with a rigorous coupled wave analysis to optimize the geometry of the infrared grating nano-
structure to achieve wavelength-selective emission to boost the TPV performance. It is demonstrated that only less than 0.173% of the total
candidate structures were calculated to find out the optimal structure with high spectral emittance in the range of 0.3–1.708 μm, and the
power density and system efficiency of the TPV system were enhanced to 4.20W/cm2 and 35.37%, respectively. The present machine-learn-
ing-based optimization of a multi-parameter nanostructure can improve the performance of the TPV system significantly and can be
extended to other physical fields in a feasible manner.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0138747

I. INTRODUCTION

Thermophotovoltaic (TPV) devices are able to directly convert
radiant thermal energy from emitters into electric power via TPV
cells with high output power and conversion efficiency;1,2 thus,
they have been proposed to broaden the application scenarios
beyond solar light like hybrid vehicles,3 deep space exploration,4

aggregated photovoltaics,5 and thermal energy storage.6,7 The prin-
ciple of the TPV system is similar to the traditional solar photovol-
taic (PV) system, except that they differ in the conversion
spectrum, as the solar PV system converts the solar spectrum while
the TPV system mainly converts the infrared band of the thermal
radiation spectrum. The high-energy photons emitted from the
emitter excite electron leaps in the cell, and such carriers are subse-
quently separated and extracted as electricity.8 To solve the spectral
mismatch between emitters and TPV cells, most TPV systems
adopt selective emitters to tailor thermal radiation and effectively

reduce the heat loss in a TPV cell. However, despite many decades
of research, it is still a challenge to achieve perfect spectral selectiv-
ity of TPV emitters.

In the design of selective TPV emitters, machine learning
algorithms have been used to optimize selective emitters, such as
genetic algorithms,9 adversarial autoencoder networks,10 and parti-
cle swarm optimization.11 However, due to the huge number of
candidates for selective emitters, these methods are either costly or
time-consuming. Zhang et al. employed the Bayesian optimization
method to design the highly wavelength-selective, aperiodic multi-
layer TPV emitters and verified that Bayesian optimization is
effective in designing selective emitters.12 To achieve wavelength-
selective emitters, nanostructures such as grating,13,14 photonic
crystals,15,16 and metamaterials17,18 in all dimensional domains
have been extensively investigated. The incident wave interacts with
the nanostructure to excite various kinds of resonances, like surface
plasmon polaritons (SPPs),19 magnetic polaritons (MPs),20 surface
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phonon polaritons (SPhPs),21 Tamm plasmon,22 and micro-cavity
resonance,23 thereby achieving significantly strong thermal emis-
sion at certain wavelengths.24 Jeon et al. optimized one-
dimensional TiO2/SiO2 photonic crystals to get the Pareto front of
the power density and system efficiency of a TPV system, but they
neglected the intrinsic photo-to-current characteristics of the TPV
cells.25 Hu et al. further applied materials informatics combined
with the detailed balance analysis of the TPV cells to design a
Tamm emitter.26 These one-dimensional photonic crystals can be
optimized, but the design space is limited as design parameters are
the material’s thickness and configuration. Beyond the photonic
crystals, people also designed the nanostructure grating for TPV
emitters. Wang et al. proposed a wavelength-selective and diffuse
TPV emitter made of tungsten gratings with a SiO2 dielectric layer
by manually zeroing the total impedance.20 Nguyen-Huu et al.
combined rigorous coupled-wave analysis (RCWA) and genetic
algorithm to tailor the tungsten grating for a wavelength-selective
but polarization-insensitive TPV emitter.27 Regrettably, these
studies did not couple the emitter with TPV cells, thus failed to
guarantee that the optimized emitter matched with the TPV cell to
boost the whole performance.

In this study, we employ the Bayesian algorithm to optimize the
one-dimensional nanostructure with infrared tungsten gratings and
SiO2 dielectric layer, as a direction-insensitive selective emitter, to
boost the output power density and system efficiency of a single-
junction GaSb cell in the TPV system. What is more, the spectral emit-
tance and electromagnetic field distributions of the optimized selective
emitter are calculated to confirm the physical mechanisms and
compare them with the selective emitter that is manually optimized.

II. METHODOLOGY

In the TPV system, the wavelength-selective emitter is com-
posed of a tungsten grating on a SiO2 dielectric layer and a tungsten
substrate in sequence, thus constituting the metal–insulator–metal
(MIM) nanostructure. Tungsten is chosen as the material for grat-
ings and substrates owing to its high thermal conductivity, high
refractory properties, and being highly lossy in the near-infrared.
The structure of the selective emitter is represented by the period
(Γ), the filling factor (f), the thickness of gratings (d1), and the
thickness of the SiO2 layer (d2). The surface absorptance (α) or
emittance (ε) can be assumed as equal due to Kirchhoff’s law and
can be determined by a rigorous coupled-wave analysis (RCWA)
method in our interested wavelength range of 0.3–5.0 μm.28 As
transverse electric (TE) waves cannot excite MPs, only the trans-
verse magnetic (TM) waves are considered hereinafter.29,30 GaSb
has a bandgap of 0.726 eV (1.708 μm)31 which lies in the infrared
range and is easy to realize. According to Wien’s law, the tempera-
ture of the selective emitter should be Te = 1700 K to guarantee the
peak wavelength above the bandgap energy. By comparison, a
higher bandgap requires a higher emitter temperature, and a cell
having a lower bandgap is of high cost. Furthermore, considering
the excellent external quantum efficiency (EQE) at infrared wave-
lengths, we select the GaSb cell to convert thermal photons emitted
by the emitter to electricity in this work.

Figure 1 displays the flow chart for design and optimization of
the selective emitter of the TPV system. The COMmon Bayesian

Optimization Library (COMBO), an efficient Bayesian optimization
protocol based on a machine-learning kernel, was adopted to opti-
mize the structure of the selective emitter, and an open-source
package is used throughout the optimization process.32 It is an effi-
cient Bayesian optimization protocol based on a machine-learning
kernel, and it employs Thompson sampling, random feature maps,
one-rank Cholesky update, and automatic hyperparameter tuning.
Meanwhile, as a Python package, it will be easily combined with
other materials informatics packages and is more pervasive. The
optimization process is mainly composed of four parts: descriptors,
an optimization method, a calculation tool, and an evaluation crite-
rion.14 In the optimization process, we first prepare the candidate
pool by permutation and combination of parameters of infrared
gratings. This gives rise to 2.96 × 106 possible candidate structures.
Then we randomly select 20 candidates as initial structures and cal-
culate the corresponding figure of merit (FOM) value to estimate
the initial prediction model. The model starts from an a priori
hypothesis, iteratively increases the amount of prior information,
and modifies the prior model to obtain a more accurate surrogate
model. Here, because of the competition between Pout and η, FOM
can be denoted by

FOM ¼ Pout � η: (1)

For the TPV cell, the maximum output power per unit area
can be calculated as

Pout ¼ VocJscwFF, (2)

where Jsc is the short circuit current density, Voc is the open circuit
voltage, and wFF is the fill factor. For an ideal TPV cell, Shockley
and Queisser indicated that the current–voltage relationship is
given by33

J(V) ¼ Jsc � J0 exp
qV
kbTc

� �
� 1

� �
, (3)

where q is the elementary charge and kb is the Boltzmann constant.
J0 is the sum of the reverse-saturation current of the P–N junction,
which can be calculated as34

J0 ¼ βT3
c exp � Eg

kbTc

� �
, (4)

where β equals 3.165 × 10−4 exp(2.915 × Eg) that combines all the
dimensional, doping, and minority carrier transport parameters for
a TPV cell and is determined by obtaining the best fit between
modeled cell performance and actual measured performance for
single-junction cells.34 The open-circuit voltage (Voc) results from
solving Eq. (2) for J = 0 are

Voc ¼ kbTc

q
ln

Jsc
J0

þ 1

� �
: (5)

The photocurrent generated by the TPV cell is not only related
to the photon number density above the bandgap but also
proportional to the external quantum efficiency of the TPV cell. The
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short-circuit current Jsc can be obtained by integrating the photocur-
rent generated by the TPV cell at different wavelengths as35

Jsc ¼ q
ðλg

λ0

IBBεR(λ)ηEQE(λ)dλ

hc0/λ
, (6)

where IBB is the blackbody spectral density, λ0 is the lower wavelength
of the incident spectrum (0.3 μm), εR(λ) is the spectral emittance of
the selective emitter calculated by RCWA, c0 is the speed of light in
vacuum, and ηEQE is the wavelength-dependent quantum efficiency
of the GaSb cell.35 The filling factor (wFF) in Eq. (1) can be expressed
as36

wFF ¼
V *� ln (V*�Eg)

V *þ1
, (7)

where V* is expressed as the normalized open circuit voltage,

V *¼ q
kbTc

Voc: (8)

According to Planck’s law, the incident photon energy from
the selective emitter is

Prad ¼
ðλ1
λ0

IBBεR(λ)dλ, (9)

where λ1 is the upper wavelength of the incident spectrum (5 μm).
Here, the efficiency (η) of the TPV system is defined as the ratio of

the output power density (Pout) of the system to the incident radia-
tion energy of the GaSb cell (Prad).

Based on the initial prediction model, Thompson sampling
enables the next candidates to be selected according to the proba-
bility of being optimum. Then, another round of Bayesian optimi-
zation is conducted and the prediction model is updated. By
repeating this procedure, the optimized structure can be found
quickly.

III. RESULTS AND DISCUSSION

As shown in Fig. 2(a), the system efficiency and power density
of all calculated candidates in the optimization process are plotted
in gray dots. We also plot the Pareto front curve to find the global
optimum structures, shown as blue circles, and the red dot denotes
the global optimum case.26 It can be seen that through the
COMBO algorithm using the quantum efficiency of the GaSb cell
as a function of wavelength [see Fig. 2(c)],35 the corresponding
parameters of the optimal selective emitters are d1 = 0.026 μm, d2
= 0.1 μm, Γ = 0.35 μm, f = 0.6, Pout = 4.2W/cm2, and η = 35.4%,
which surpass the Shockley–Queisser limit of 33.7%. We compare
the case with a thin-film emitter (black square, d1 = 0.026 μm, d2
= 0.1 μm) to represent the superiority of the optimal optimization
result. Furthermore, by tracing the largest FOM in Fig. 2(b),
we found that only a small number of structures
(511/2 956 659 = 0.173%) were calculated to find the global
optimum structure, validating the high efficiency of the present
Bayesian optimization algorithm. Figure 2(c) shows the quantum
efficiency of the GaSb cell as a function of wavelength.35

After that, we compare the emission characteristics of the
optimum selective emitter with the thin-film emitter and the

FIG. 1. Roadmap of machine-learning Bayesian algorithm optimization.
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selective emitter of Wang et al. for TM and TE waves as in
Figs. 3(a) and 3(b).20 As we know, the emission spectrum of an
ideal selective emitter should only emit photons that are exactly
equal to Eg since the excess energy does not contribute to the effi-
ciency of the battery. According to the simulation results, it can be
obtained that the surface nanostructures can enhance the radiation
performance of the emitter. Moreover, the optimal selective emitter
with IR grating shows the highest emissivity around λg and main-
tains a high emissivity at shorter wavelengths that can be absorbed
by the TPV cell, while the emissivity starts to decrease at very short
wavelengths (ultra-high energy photons), avoiding the excess
photon energy from heating the TPV cell and reducing the effi-
ciency of the TPV cell. In addition, the performance of the emitter
under TM waves is enhanced more significantly, which verifies that
1D gratings cannot excite MPs under TE waves.

To clearly evaluate the wavelength selectivity of the optimum
selective emitter optimized by the Bayesian algorithm, we adopt the

calculation of suppression (S) of emittance proposed by Sakib et al.
for TM waves,37

S ¼ 10log
1
ε
: (10)

As shown in Fig. 3(c), the emittance of the optimum selective
emitter demonstrates better suppression than that of the thin-film
emitter and the emitter in Ref. 20 in the undesired emission range,
while in the desired emission range, the suppression effect is
reversed. Besides, we also compare the J–V curves of the TPV
systems with different selective emitters in Fig. 3(d). It is found that
the photocurrent of the optimized TPV system is significantly
improved since the spectrum of the optimum selective emitter
exhibits a higher emittance in the range of 0.3–1.708 μm and less
thermal emission above the bandgap wavelength (λg). Thus, the
TPV cell absorbs more photons above the bandgap energy, and the

FIG. 2. (a) Pout and η of the selective emitter optimized by the Bayesian algorithm; (b) the iterative process of Bayesian algorithm optimization; and (c) quantum efficiency
of a GaSb cell vs wavelength.
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photocurrent will increase, which is closely connected to the selec-
tivity of thermal radiation by the emitter optimized by the Bayesian
algorithm.

Another important feature of the infrared grating selective
emitter is the directional insensitivity of the emission peaks. As
shown in Fig. 4(a), the efficiency of the TPV system is barely
affected by θ and can be maximized all the time. To explain the
physical mechanism of the feature, we investigated the internal rela-
tionship among λ, θ, and ε. Figure 4(b) shows the contour plot of
the emittance for the infrared grating selective emitter at TM waves
in terms of λ and θ. It is evident that the emittance value remains
high (ε > 0.8) for θ shorter wavelength up to 80° and begins to
drop beyond 1.708 μm. Furthermore, there are two bright bands
that indicate emittance peaks in Fig. 4(b), which suggest that the
wavelength range of the two bands is wide, indicating that the emit-
tance of the selective emitter with optimum structure parameters
continues to maintain a high value within the desired range of the
emission spectrum. The first bright band near 1.708 μm is excited

by MPs and we can find that the bright band does not tilt as θ
increases, since the MP resonance frequency is insensitive to θ as
long as the magnetic field is along the grating grooves.38 It is seen
that the magnetic field is strongly enhanced in the SiO2 dielectric
layer inserted between tungsten gratings and the tungsten substrate,
which can be explained by the excitation of MPs.39 MPs consist of
magnetically excited LC-resonance between the two coupled metal-
lic layers and the electric response of metal gratings to external
incident waves.40 The equivalent LC circuit model predicts that the
resonance frequency of MPs mostly depends on the geometric
parameters of the nanostructure and the properties of materials for
the infrared grating nanostructure.33 According to Lenz’s law, an
anti-parallel current (as indicated by arrows) at the surface of tung-
sten gratings can be obtained in the y direction of the incident
wave with the time-varying magnetic field, and the anti-parallel
current can introduce antimagnetic resonance coupled with inci-
dent electromagnetic waves, which ultimately enhances the emit-
tance of the desired spectral region. The other bright band at a

FIG. 3. Comparison of the emission characteristics of the selective emitter based on the optimum structure, the thin-film emitter, and the emitter in Ref. 20. (a) and (b)
Normal emission spectra (TE waves and TM waves); (c) emittance and suppression and (d) J–V curves.
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range of the shorter wavelength excited by SPPs is little inclined.
SPPs are strong coupling of the incident wave with collective
charge density oscillations on the periodic infrared grating struc-
ture. The stimulated SPPs capture most of the incident photons
and reemit them in the forward direction, thus having a high trans-
mittance at certain wavelengths. The transmission capabilities can
be controlled by tuning the grating parameters. Compared with the
results of Wang et al., the SPPs direction dependence of the selec-
tive emitter optimized by the Bayesian algorithm is significantly
reduced.20 Thus, the direction sensitivity of the SPPs can be
reduced by adjusting the geometric parameters of the selective
emitter.

IV. CONCLUSIONS

In summary, based on the combination of Bayesian algo-
rithm optimization and the RCWA method, we modulate the
wavelength-selective infrared emitter to boost TPV performance
by exciting SPPs and MPs. The Pareto front lines of the power
density and system efficiency are obtained for the infrared
grating selective emitter. It is demonstrated that the emitter
based on the MIM nanostructure with infrared gratings can
achieve a higher emittance and directional insensitivity in the
desired spectral region, suppress the thermal emission above
the bandgap wavelength, and match to the GaSb cell better than
the thin-film emitter, thus boosting the output power density
(4.2 W/cm2) and system efficiency (35.4%) simultaneously.
Moreover, the maximum FOM could be realized within calcula-
tions for less than 0.173% of the total candidate structures, which
is more efficient than other machine-learning algorithms. The
present machine-learning optimization framework can be
extended for black-box global optimization problems in other
fields beyond the TPV system.
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