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ABSTRACT

Thermophotovoltaic (TPV) systems can be used to harvest thermal energy for thermoelectric conversion with much improved efficiency
and power density compared with traditional photovoltaic systems. As the key component, selective emitters (SEs) can re-emit tailored
thermal radiation for better matching with the absorption band of TPV cells. However, current designs of the SEs heavily rely on empirical
design templates, particularly the metal-insulator-metal (MIM) structure, and lack of considering the overall performance of TPV systems
and optimization efficiency. Here, we utilized a deep reinforcement learning (DRL) method to perform a comprehensive design of a 2D
square-pattern metamaterial SE, with simultaneous optimization of material selections and structural parameters. In the DRL method, only
the database of refractory materials with gradient refraction indexes needs to be prepared in advance, and the whole design roadmap will
automatically output the SE with optimal Figure-of-Merit (FoM) efficiently. The optimal SE is composed of a novel material combination of
TiO,, Si, and W substrate, with its thickness and structure precisely optimized. Its emissivity spectra match well with the external quantum effi-
ciency curve of the GaSb cell. Consequently, the overall performance of TPV is significantly enhanced with an output power density of 5.78 W/
cm?, an energy conversion efficiency of 38.26%, and a corresponding FoM of 2.21, surpassing most existing designs. The underlying physics of
optimal SE is explained by the coupling effect of multiple resonance modes. This work advances the practical application potential of TPV
systems and paves the way for addressing other multi-physics optimization problems and metamaterial designs.
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INTRODUCTION A schematic of a typical TPV system is illustrated in Fig. 1(a),
which consists of three components, including an absorber, an
emitter, and a TPV cell. The absorber is responsible for capturing
solar energy, fuel, or other energy sources to heat the emitter. Since
the TPV cells can only convert the photons above the bandgap for
photoelectric conversion, and the photons below the bandgap are
wasted, selective emitters, as the core component of TPV systems,

Thermophotovoltaic (TPV) systems, with the aid of selective
emitters (SEs), convert various energy sources, including solar radi-
ation, fuels, and industrial waste heat, into thermal radiation that
matches the bandgap of TPV cells, so as to be capable for output-
ting electricity with higher conversion efficiency and power

density. " TPV systems are anticipated to emerge as the subse- e meticulously engineered to regulate the emissivity spectra to
quent advanced power generation technology and has promising align with the bandgap of TPV cells. Therefore, the finer optimiza-
applications in thermal energy recycling, hybrid electric vehicles, tion design of SEs has become the research focus to enhance the
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deep space exploration, and other pertinent fields. performance of TPV systems.” Owing to the rapid development of
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nanophotonics, a variety of structural forms of SEs have been
developed for TPV systems, such as multilayers,*” photonic crys-
tals,"” metal-insulator-metal (MIM) structure,' """ cavities,"* and
metasurfaces. """ Among them, MIM and metasurfaces, due to
their nature of resonant, can generate sharper resonance bands and
higher emissivity compared with multilayers and, thus, have the
potential to maximize the performance of TPV systems. In addi-
tion, they demonstrate greater design flexibility and more stable in
structure at high temperature and are, therefore, chosen by a major-
ity of researchers for the TPV emitters. However, there are two
issues that need addressing. For one thing, conventional manual
design heavily relies on past templates and experience, resulting in
inefficient design and poor performance.'® Although computa-
tional methods, including stochastic gradient descent, Bayesian
optimization, and genetic algorithm, are utilized to enhance the
performance of SEs in the existing research studies, most of them
still primarily employ fixed material combinations and solely opti-
mize structural parameters.'”>' The potential for improved mate-
rial combinations and structures remains unexplored, limiting
further improvements in the performance of SEs and TPV systems.
In addition, due to the time-consuming simulations of MIM struc-
tures or metasurfaces in the design process, the efficiency of evolu-
tionary algorithms that were originally not high becomes even
lower in optimizing such structures. For another thing, previous
works have shown that energy conversion efficiency and output
power density are obviously competitive but equally important as
two evaluation metrics for TPV systems.”” Most of the existing
works only consider the simple objective of emissivity when
designing SEs, without accurately modeling the TPV systems. As a
result, the optimized SEs fail to accurately match the system and
neglect the comprehensive enhancement of energy conversion effi-
ciency and output power density. Therefore, it is still a strong
demand to further explore more material combinations and achieve
more efficient optimization of structural parameters of the SEs
based on precise TPV system modeling, in order to enhance the
comprehensive performance of the TPV systems.

In this work, a deep reinforcement learning (DRL) method is
adopted to design a two-dimensional square metasurface SE, which
can autonomously select the most appropriate materials from a
self-built material library and efficiently optimize the structural
parameters. The design process is guided by the comprehensive
indicators of the precisely modeled TPV system. The resulting SE is
composed of a completely new material combination and achieves
a good match between its emissivity spectrum and the external
quantum efficiency (EQE) of the GaSb cell. Equipped with the
designed SE, the system achieves significant performance enhance-
ment, yielding an energy conversion efficiency of up to 38.26%,
coupled with an output power density of 5.78 W/cm®.

METHOD AND MODELING

Deep reinforcement learning method for design and
optimizing

DRL, which is a reinforcement learning based on deep learn-
ing, differs significantly from supervised or unsupervised deep
learning.”””* The neural networks serve as agents that interact with
an environment, updating its state based on actions taken, rather

ARTICLE pubs.aip.org/aip/jap

than learning direct data mappings between input-output pairs,
where the state of the environment and the actions are the input
and output of the neural network, respectively. What guides the
agent to make the appropriate decision is the expected accumulated
value of the Figure of Merit (FoM), namely, the predicted Q-value
by the agent. When the agent modifies the current state, the result-
ing state must be evaluated to determine its FoM value, which is
then fed back to the agent for calculating the true Q-value. The
mean square error between the true Q-value and the predicted
Q-value serves as the loss function for backpropagation in a neural
network to update the weights of neurons, as follows:”’

loss = MSE [Quru(st11> & W) — Qpre(s, a; w)], 1)

where s and s;,; are the current and updated state, respectively. a is
the action and w is the weight of the neural network. Subsequently,
the updated state is utilized as the input for the next iteration.
During each iteration, the input state, the output decision, and the
resulting FoM value are recorded in a buffer as the datasets for
training the neural network, making the agent to learn how to
make more appropriate decisions to maximize the expected cumu-
lative FoM.**

To be specific, the environment here is regarded as the whole
optimization process of the SEs, with the design parameters of
the SEs representing the state of the environment. As shown in
Fig. 1(b), the SE is set to a periodic 2D metamaterial with a square
pattern on the top. To differentiate from the three-layer classic
MIM structure and further expand the design space, we added one
more layer into the middle layer between the top square pattern and
the substrate. The material types for the top pattern and middle
layers are used as design parameters and selected by DRL model sub-
sequently, while the substrate material is fixed as tungsten (W) for

support, thermal conduction, and resonant excitation due to its good ¢
mechanical, thermal, and optical properties.” Additionally, there are !

four more design parameters that need to be optimized by DRL,
including three corresponding layer thicknesses and the fill rate of
the top pattern. Consequently, there are seven design parameters in
total, and DRL performs the materials selection and the structural
design simultaneously during the optimization. Three candidate
materials were selected by the DRL model from a self-built material
library, which contains five commonly used high-temperature resis-
tant materials, including SiO,, W, Si, TiO,, and HfO,. These five
materials were then encoded as No. 1-5 so that they can be accepted
by the neural network. Their optical properties are referred to Palik’s
work’” and other research works.”*’ The thicknesses of the top
pattern and two intermediate layers are restrained in the range of
20-200 nm and are designed with the precision of 10 nm. The fill
rate of the top pattern (the ratio of the side length to the period) is
varied from 0.1 to 0.9, with a step size of 0.1. Consequently, the
design space comprises about 7.7 x 10° candidates, which renders
manual design impractical and presents significant challenges to
conventional evolution-based methods.”””’

Subsequently, the seven design parameters are encoded and
fed into the neural network, as shown in Fig. 1(c). The neural
network, which consists of three fully connected layers with the
neuron number of 24, 48, and 24, respectively, will output an
action to update the current design parameters, such as changing
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FIG. 1. (a) Schematic diagram of a TPV system. (b) Schematic diagram of the structure of a two-dimensional square pattern emitter; seven design parameters are
presented. (c) Roadmap of designing selective emitters using deep reinforcement learning.

the materials or adjusting the thicknesses. The correspondence algorithm.”’ To evaluate the performance of the SE and TPV

between the action numbers and the policies for updating states systems, the simulated emissivity spectrum is combined with the
can be referred to Table I. Then, the updated design parameters are accurately modeled TPV system to obtain the energy conversion
converted to a physical model, and their emissivity spectra are efficiency and the output power density of the system. The product

obtained utilizing a rigorous coupled wave analysis (RCWA) of two metrics is defined as the FoM, which is as follows:

J. Appl. Phys. 136, 023101 (2024); doi: 10.1063/5.0213211 136, 023101-3
© Author(s) 2024


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

TABLE 1. Policies corresponding to each action.

Action no. Policy
0 Decrease the material ID of m; by 1 (min 1)
1 Increase the material ID of m; by 1 (max 5)
2 Decrease the material ID of m, by 1 (min 1)
3 Increase the material ID of m, by 1 (max 5)
4 Decrease the material ID of m3 by 1 (min 1)
5 Increase the material ID of m3 by 1 (max 5)
6 Decrease ¥ by 0.1 (min 0.1)
7 Increase y by 0.1 (max 0.9)
8 Decrease t; by 10 (min 20)
9 Increase t; by 10 (max 200)
10 Decrease t, by 10 (min 20)
11 Increase t, by 10 (max 200)
12 Decrease t; by 10 (min 20)
13 Increase t; by 10 (max 200)

FoM = 7 X Pou. )

The FoM is then fed back to the neural network, and the next
iteration is started with the updated design parameters used as
inputs for the neural network. Through iterative processes, the
neural network, acting as the agent for continuously designing SE,
gradually learns how to make an appropriate action to update the
SE’s design parameters, enhance the emitter’s performance, and
ultimately improve the overall system performance. Eventually, the
design parameters converge to the optimal state.

Accurate modeling of the TPV system

Since the ultimate goal of designing a SE is to improve the
performance of the TPV system, an accurately modeled TPV
system plays a crucial role in guiding the optimization process of
the emitter. Specifically, the accurate calculation of energy conver-
sion efficiency and output power density is of utmost importance.
We focus on the energy radiation of the emitter and the photoelec-
tric conversion process of the TPV cell, while disregarding energy
losses resulting from convection and conduction. Here, we choose
GaSb, a low bandgap semiconductor cell, as the photoelectric con-
version element of the TPV system, which has a bandgap of
0.726 eV with the corresponding bandgap wavelength of 1.708 um.
After the emitter is heated by various heat sources, the energy it
emits to the TPV cell can be represented as P, for the GaSb cell,
which is calculated as follows:

Ay
P = j W) Ipn(h T, 3)
A1

where 4; and A, are the lower and upper boundaries of the studied
wavelength band, taking 0.3 and 5um, respectively. £(1) is the
emissivity spectrum of the SE. Igp(4, T.) is the spectral radiance of
the blackbody at temperature T, and wavelength A, which is given
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by PlancK’s law,

2h¢c? 1

25 exp(hc/akgT,) — 17 )

Igp =

where h is Planck’s constant, kg is the Boltzmann constant, and c is
the speed of the light. In a subsequent design process, T is set to
1700 K, which is the optimal adaptation temperature of the GaSb
cell according to the bandgap and the Wien displacement law. For
a TPV cell, the calculation for the maximum output power density
can be denoted by’

Pout - Voc]scd)Fp (5)

where V. is the open-circuit voltage, J. is the short-circuit current
density, and ¢y is the fill factor. However, the TPV cells are not
able to fully utilize all photons larger than the bandgap for photo-
electric conversion. Some photons are still lost due to reflection,
scattering, and absorption. The introduction of external quantum
efficiency (EQE) effectively measures the photovoltaic conversion
ability of batteries. Considering this, the J,. can be calculated as™

e J/lz IBBz-:(l)hnEQE(l)d/l) ©)

A c/A

where e is the elementary charge and A, is the bandgap wavelength
of the TPV cell. To obtain the V, in Eq. (4), when considering a
relatively ideal TPV cell, the relationship between the current and
voltage is given by’

IV =T — o {eXP (,;—‘;) - 1], @

where T. is the temperature of the TPV cell, which is set to a suit-
able operating temperature of 300 K.>* J, is the sum of the reverse-
saturation current of the P-N junction, which can be given by™*

E
Jo = BT exp (— kBgT > (8)

where f is a constant that combines the dimensions, the doping,
and the material parameters of a TPV cell. For a GaSb cell, it
equals 3.165x 107" exp (2.5 x E,). E, is the bandgap of the cell,
which is 0.726 eV (1.708 um) for GaSb. When solving Eq. (5) for
J (V) =0, we can obtain V,, as follows:

_hTep (ﬁ + 1>‘ )
Jo

e

VOC

The fill factor in Eq. (4) can be expressed as’

V' —In (V' —Ey)

Vi ; (10)

brr =

where V* is the normalized open-circuit voltage, which can be
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obtained as follows:”

* e

Vi=—"V,..
ke T.

(11)

After the above calculation, we can finally obtain the expres-
sion of the energy conversion efficiency of the TPV system as
follows:

(12)

RESULTS AND DISCUSSION
Performance of the optimized SE and TPV system

By utilizing the aforementioned DRL optimization model in
conjunction with the accurately modeled TPV system, after 1000
iterations, the FoM is finally converged. Consequently, we obtained
the optimal SE that maximizes the comprehensive performance of
the TPV system, as shown in Fig. 2(a). Interestingly, the materials
of the top square pattern and the two intermediate layers are

a
1 1
——RCWA
0.8 - - -FDTD 0.8
- ——EQE %
E 06t ---- bandgap of GaSb 0.6 8
12 [
g TiO,: 110nm S
a 04T Si: 40nm 194 &
1w
0.2 0.2
0 + 0
1 2 3 4 5
Wavelength (um)
Cc
10
< i (0.7, 8.275)
(&
< of
> V,.: 0.786 V
S 4 J.:8.57 Alcm?
3 @ : 0.86
0 ; . ;
0 0.2 0.4 0.6 0.8

Voltage V (V)
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selected by DRL automatically as TiO,, Si, and W, respectively.
Since the material of the substrate is also W, the same stacked
materials can be considered a single material, resulting in a three-
layer optimal structure. Although the optimal SE is structurally
similar to MIM, the combination of the TiO, top pattern, the Si
intermediate layer, and the W substrate has not been previously
reported. This can be attributed to the strong capability of the DRL
optimization model, which accurately identifies optimal material
combinations by selecting the most suitable materials from a wide
range of options. The thickness of the TiO, and Si layers is pre-
cisely determined by DRL to 110 and 40 nm, respectively, and the
fill ratio of the top pattern is 0.7. Figure 2(a) also presents the emis-
sivity spectrum of the optimal emitter, which exhibits quite high
emissivity in the range above the bandgap of the GaSb cell and a
sharp decline in emissivity below the bandgap. To validate the reli-
ability of the optimization results, we employed the finite-difference
time-domain (FDTD) method to simulate the emissivity of the
optimized SE. The obtained results exhibited consistency with
those obtained from the RCWA algorithm. Equipped with the
optimal SE, the corresponding TPV system demonstrates an output
power density of 578 W/cm® and a high energy conversion

5.78

(4]

N
o

b
20 - : .
: Blackbody
/E\ : —— Emitter
515} ' - - - bandgap of GaSb
N\
=
o
= 10 |
g :
S 5F )
o i
1.708.
0 . L5 -
1 2 3 4 5
Wavelength (um)
d
45 20
S0
& 15
535} o
[S]
5 5
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& =3
o 5
25} C
g Q
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>
»

. . . 0
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Temperature (K)
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FIG. 2. (a) Emissivity spectra of the optimal SE simulated by RCWA (red) and FDTD (dashed blue). EQE of a GaSb cell is represented by a purple line. The inset is the
schematic diagram of the optimal SE. The bandgap of the GaSb cell is represented in dashed gray. The schematic of optimal SE is shown in the inset. (b) Radiation
energy spectra of the blackbody and the optimal SE. (c) J-V curve of the TPV system equipped with optimal SE. (d) System efficiency and output power density as a func-

tion of SE temperature.
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efficiency of 38.26%, resulting in the FoM of 2.21. To elucidate the
reasons behind the improved performance of the TPV system due
to the optimized SE, the EQE of the GaSb cell as a function of
wavelength is also plotted in the figure.® It can be obviously seen
that the emissivity spectrum of the optimized SE exhibits a close
resemblance to the trend of the EQE curve, peaking at slightly
shorter wavelengths than the cell’s bandgap wavelength. This high
matching effectively suppresses emission below bandgap energy
and minimizes energy loss, resulting in enhancing the conversion
efficiency. Additionally, the broad emission spectrum with high
emissivity guarantees a remarkable output power density.

To provide a clearer depiction of the SE’s suppression of
thermal emission below the bandgap of the GaSb cell, Fig. 2(b) dis-
plays the radiation energy spectrum of the blackbody and the
designed selective emitter at 1700 K. It is evident that only a small
amount of energy below the bandgap is emitted, while the majority
of energy above the bandgap is emitted to the GaSb cell for photo-
electric conversion. Furthermore, the sudden decrease in emissivity
at 0.5um does not significantly affect the radiation energy, given
that the energy density at that wavelength is already negligible.

Figure 2(c) illustrates the current-voltage curve of the TPV
system, indicating that at a voltage of 0.7V and a current of
8.275 A/cm?, the system achieves a maximum power output of
5.78 W/cm®. Additionally, the corresponding open-circuit voltage,
the short-circuit current density, and the fill factor of the system
are 0.786V, 8.57 A/cm?, and 0.86, respectively. This high-power
density positions the TPV system as a competitive contender
among the various power generation methods available today.

Since the temperature of the SE is fixed to 1700 K during the
optimization, to show the performance of the optimized TPV
system at different operating temperatures, Fig. 2(d) presents the
system efficiency and the output power density as a function of the
temperature of SE. It can be observed that both the system effi-
ciency and the output power density increase with the temperature.
This can be easily explained by Planck’s law. As the temperature
increases, the radiation peak shifts to blue, causing an increase in
energy greater than the bandgap. As a result, the energy conversion

a

> €
E 4
=
£ 3
(@]
(=
8
c o
® 1.708
=

1

0 20 40 60 80
Incident Angle (°)
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efficiency of the system is improved, and the output power density
also increases. The performance of the system at 1700 K is marked
with an asterisk, indicating superior overall performance.

Additionally, for an excellent performance TPV emitter, the
angular independence of emission is another crucial feature.
Consequently, Fig. 3(a) presents the emissivity spectra of the optimal
SE at different incident angles. It is evident that the emissivity dem-
onstrates good angular independent under the angles of 70°. It can
also be observed that the emissivity around 0.7 um slightly decreases
as the incident angle exceeds 60°. Moreover, emission above the
bandgap energy experiences a significant reduction when the inci-
dent angle exceeds 80°. To further the impact of the incident angle
on the performance of the system, the energy conversion efficiency,
the output energy density, and the FoM as a function of incident
angle are shown in Fig. 3(b). With the incident angle increasing, the
energy conversion efficiency shows a slight improvement due to the
reduction in the incident energy received by the cell exceeds the
reduction in the output energy. More specifically, the reduction in
the incident energy stems from both inside and outside the cell
bandgap, while the decrease in the output energy only occurs within
the bandgap. Additionally, the system maintains excellent perfor-
mance within the range of 70° according to the FoM curve.
Although a significant decrease is observed for angles greater than
70°, it is anticipated that the impact of reduction in large-angle emis-
sion on system performance will be weakened due to the typical par-
allel arrangement of the SEs and TPV cells.

Optimization efficiency and optimality verification

For the optimal design of the TPV emitter, it is crucial to
achieve high design efficiency while maximizing its performance.
Therefore, we undertake a quantitative assessment of the efficiency

of designing SEs when adopting the DRL method. To illustrate this |
evaluation, Fig. 4(a) plots the FoM of the SE against the percentage !

of calculated structures. It can be seen that only 0.692% candidates
were calculated to find a SE with a high FoM up to 2.18, which is
about 98.6% of the maximum FoM. Likewise, only 3.19%

0.5 T T T — 6
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FIG. 3. (a) Emissivity of the optimal SE as a function of wavelength and incident angle. (b) System energy conversion efficiency, output power density, and FoM as a

function of incident angle.

S£:2€:80 $20Z Jequieoaq 8|

J. Appl. Phys. 136, 023101 (2024); doi: 10.1063/5.0213211
© Author(s) 2024

136, 023101-6


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

22
~21F
N
19}t
1.8}
1.7
16}
1.5

FoM (W/

Convergence time:
~0.4 days

0 1 2 3 4 ()
Percentage of calculated structures (%)

= 22

-
o)
T

-
)}

FoM (W/cm?)

Convergence time:
~5.8 days

N
£

1.2

10° 102 10°

lteration

10"

ARTICLE pubs.aip.org/aip/jap
b
0.5
FoM
Secen. 2.21
> N ;’Ka \ 2
] | IR 3 Y
T E e
= : 15
® 0.3 3
= ©
Qo 1
2
702 “f °
0.5
01 . . .
0 2 4 2 6
Power density (W/cm®)
d 2.3
GA
22 i 1
241 :
€ .
L 2t '
: s
s 191 :
o 1
w18t ! . 1
1 Convergence time:
1.7 | ~1.24 days
1.6 :
10 20 30 40 50
Generation

FIG. 4. (a) Tracing of FoM vs percentage of calculated structures when using a DRL method. The convergence time is annotated inside. (b) System efficiency and output
power density of the intermediate structure during the optimization process. The color bar denotes the value of FoM. (c) Tracing of FoM vs iterations when using BO. (d)

Tracing of FoM vs generations when using GA.

candidates were calculated to find a structure with the maximum
FoM. Such tracings vividly demonstrate the high efficiency and
effectiveness of the DRL method in finding the optimal structure
when simultaneously considering the material selection and struc-
ture optimization. In addition, the intermediate structure of the
optimization process is plotted in Fig. 4(b). It can be observed that
the FoM of most structures is concentrated above 1.5. Also due to
the extremely fast convergence speed, the number of the intermedi-
ate structures is not large. Additionally, it can be seen that the
structure with the maximum FoM, which can optimize the overall
performance of the system, is not optimal in terms of system effi-
ciency or output power density unilateral contrast. Therefore, this
also verifies the competitive relationship between the output power
density and the system efficiency. Of course, structures with high
conversion efficiency or power density can also be further screened
from the intermediate structures in the optimization process.

In order to demonstrate the efficiency of the DRL method at
the methodological level, we adopted two existing commonly used
optimization algorithms for comparison. Given that our design
parameters include different types: material species and structural
parameters, gradient-based optimization methods are not applicable.
Therefore, Gaussian process-based Bayesian Optimization (BO)’’

and evolution-based Genetic algorithm (GA)™® were utilized, and the
execution details can be found in supplementary material Note 1
and 2. Since the Gaussian process of BO is not well suited to the
optimization problem of huge parameter space, the performance of
the optimal SE is still worse than that of obtained by DRL in the
case of consuming more time, as shown in Fig. 4(c). While the set
number of iteration steps of BO may not be insufficient for evaluat-
ing convergence, it has been able to assess the pros and cons of BO
and DRL, considering the aspect of time. The optimal SE obtained
by GA is consistent with the structure obtained by DRL. However,
the genetic algorithm must simulate all the individuals in the initial
population and the offspring population obtained in each iteration,
while the optimization process of DRL can be regarded as updating
and iterating only for the optimal individual. In the case that the
simulation of the 2D structure is quite time-consuming, it results in
the GA being less efficient than DRL, as illustrated in Fig. 4(d).
Additionally, to further show the optimality of the TiO,-Si-W
structure compared with MIM structures, we performed another two
rounds of optimization by DRL, fixing the materials as W-TiO,-W
and W-Si-W, respectively. The optimization parameters include
the fill rate and thickness of the top W pattern and the thickness of
the middle layer. Figures 5(a) and 5(b) display the emissivity and
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radiation energy spectra of the three optimized structures. It can be
obviously seen that the TiO,-Si-W structure exhibits the highest
radiation suppression below the bandgap, while maintaining high
emission above the bandgap, resulting in the highest system effi-
ciency, as illustrated in Table II. With the emissivity of the W-TiO,-
W structure slightly higher than that of TiO,-Si-W at around
1.7 um, it leads to a slightly higher output power density compared to
TiO,-Si-W. However, the W-Si-W structure exhibits less remarkable
performance. In addition, to demonstrate the optimality of the top
square pattern, we replaced the pattern of optimal SE with a cylinder
to serve as another control group. The overall performance of SE with
a square pattern is slightly better than that of SE with a cylinder
pattern, as shown in Fig. S1 and Table S1 of the supplementary
material. In conclusion, the TiO,-Si-W emitter, based on the
completely new material combination, exhibits superior radiation
performance compared to the MIM structure, thus supporting the
TPV system with the optimal comprehensive performance.
Additionally, we explored the effects of different thicknesses of
the top and middle layers on the performance under the condition
of fixing their materials, as shown in Figs. S2 and S3 of the
supplementary material, which demonstrate the structural optimal-
ity when considering the overall performance of the TPV system.

Mechanism of the optimal SE

The mechanism behind the optimal SE to show such excellent
performance requires further explanation. From Fig. 2(a), it can be

TABLE II. Performance index of the corresponding TPV system of three kinds of
SEs.

System efficiency ~ Output power density

Structure (%) (W/em?) FoM
W-TiO,-W 34.11 5.98 2.04
W-Si-W 31.47 5.80 1.83
TiO,-Si-W 38.26 5.78 2.21

observed that the SE generates two emission peaks above the
bandgap energy, similar to the classical MIM structure emitter.
Therefore, the electromagnetic fields inside the emitter at two emis-
sion peaks are plotted in Fig. 6, with the white line outlining the
SE’s structure. In the MIM structure, the two emission peaks can
be explained by surface plasmon polariton (SPP) and magnetic
polariton (MP) resonance, respectively.”’” However, our structure
replaces the material of the top pattern from metal to TiO,, result-
ing in different mechanisms for peak generation and making it dif-
ficult to determine the triggering resonance. At the first emission
peak (0.606 um), the magnetic field is enhanced at the W-Si junc-
tion and the bottom of TiO,, while the electric field is enhanced in
Si and the top of TiO,, which can be explained by the coupling
effect of MP resonance and Mie resonance However, at the second
emission peak (1.39 um), the magnetic field is strongly enhanced at
the interface between W and Si, and the electric field is enhanced
throughout TiO,, resulting in a stronger emission. This can be
attributed to the SPP resonance and the stronger Mie resonance.
Consequently, both emission peaks originate from the combined
action of multiple resonance modes. The DRL method promotes
the generation of structures with elusive mechanisms, breaking
through the fixed design template of MIM structures.

Finally, in order to demonstrate the superior performance of
our designed SE, it is compared with the exiting related works. In
addition, the multilayer structure with the filling rate of the top
pattern set to 1 is also utilized as one of the comparison groups.
The comparison results are shown in Fig. 7, where the x axis repre-
sents the output power density of the TPV system with the corre-
sponding emitter, the y axis represents the energy conversion
efficiency of the system, and the color depth of the scatterplot indi-
cates the product of two indices, namely, FoM. Additionally,
several FoM’s climbing lines (dashed lines) are also plotted in the
figure for an intuitive comparison. It can be obviously seen that the
TPV system with the emitter optimized here exhibits the optimal
comprehensive performance, while other works do not consider
the improvement of the system’s overall performance, leading to a
blind pursuit of enhancing one index at the expense of another.
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CONCLUSION

In summary, we achieved a significant improvement in the
overall performance of the TPV system. Specifically, the deep rein-
forcement learning approach was utilized to perform a comprehen-
sive and efficient optimization design of SE in a huge design
parameter space, including material selection and structure optimi-
zation. The materials of SEs were autonomously selected by an arti-
ficial neural network from a self-built material library, while the
structural parameters were precisely optimized. The optimal SE
consists of a 110 nm TiO, top square pattern, a 40 nm Si interme-
diate layer, and the W substrate, which is a completely new struc-
tural combination that breaks through the design template of a
previous MIM structure. Additionally, the optimal SE exhibits
excellent radiation properties, with high emissivity above the
bandgap of the GaSb cell and significantly suppressed emission
within the out-of-band. Through the accurately modeled TPV
system, the energy conversion efficiency is calculated as 38.26%,
the output power density is 5.78 W/cm?, and the corresponding
FoM is 2.21, which exceeds most existing works. The mechanism
behind the excellent radiation characteristics of the optimal SE
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is explained by the electromagnetic field, which can be interpreted
as multiple resonant modes. Overall, this work propels advance-
ments in the TPV and thermal radiation regulation and provides
innovative ideas for the optimal design of metasurfaces and
metamaterials.

SUPPLEMENTARY MATERIAL

The supplementary material contains the execution details of
the Bayesian optimization and genetic algorithm and additional
supporting tables and figures for demonstrating the optimality of
designed SE.
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