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Extensive research has been conducted on near-field radiative heat transfer (NFRHT) due to its wide
range of applications in energy conversion, radiative cooling, and thermal diodes. The main objective
of studying NFRHT at the nanoscale gap is to enhance system performance. This research proposes
a new approach to designing and optimizing a near-field thermophotovoltaic (NFTPV) system using
deep-learning techniques. Our study utilizes a fully connected network (FCN) and an automated-machine-
learning (AutoML) model to simulate radiative heat transfer, aiming to improve radiative heat flux, power
generation, and overall system efficiency. By comparing two emitter configurations, we find that the hyper-
bolic emitter outperforms other configurations, as evidenced by its impact on various system-performance
parameters. Significant achievements have been made through our investigations. For the SiC-plate emit-
ter configuration, we have achieved a notable power density of 0.589 W/cm2 and an efficiency of 23%
after accounting for nonradiative recombination at a temperature difference of 600 K with a 100-nm gap.
Moreover, the four-period emitter configuration has yielded even more impressive results, with a power
density of 0.9452 W/cm2 and an efficiency of 30% after accounting for nonradiative recombination. This
study demonstrates the immense potential of utilizing FCN and AutoML for theoretical modeling and
optimization of structural parameters in NFTPV systems, as well as providing an accurate model for pre-
dicting photocurrent generation. By highlighting the capabilities of these advanced techniques, we have
hopefully paved the way for further advancements and innovations in NFRHT.
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I. INTRODUCTION

Near-field thermal radiation has recently garnered sig-
nificant attention due to its compelling applications in a
variety of fields, including but not limited to nanoscale-gap
thermophotovoltaic (TPV) power generation [1–5], ther-
mal lithography [6], thermal imaging [7], scanning ther-
mal microscopy [8,9], heat-assisted magnetic recording
[10,11], advanced thermal management [12–15], and ther-
mal logic devices. Additionally, it has been explored for
its potential in other energy-conversion devices [16,17].
Near-field thermophotovoltaic (NFTPV) systems present
a promising avenue for direct conversion of heat into elec-
tricity, offering remarkably high power output and efficien-
cies comparable to, or even surpassing, those reported for
far-field TPV systems. The potential for power enhance-
ments beyond the black-body limit positions TPV sys-
tems as strong contenders against thermoelectric systems.
Conventional TPV systems have low power output and
conversion-efficiency limitations, which limit their prac-
tical applications. However, near-field thermal radiation,
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which enhances radiative heat transfer beyond Planck’s
law in the far-field regime, has been introduced into the
TPV system to address these limitations. This approach
has been demonstrated by various studies to improve the
performance of the system and overcome these limita-
tions [18–20]. This technology offers several advantages,
including its ecofriendliness, lack of moving parts, and
ability to adapt to various heat sources. Experimental stud-
ies on the near-field effect in thermal radiation have also
propelled the field forward by demonstrating the abil-
ity to surpass the Stefan-Boltzmann law in the far field
[1–5,21–24]. This phenomenon arises from the contribu-
tion of evanescent fields (photon tunnelling) when objects
exchanging thermal radiation are in close proximity: the
gap between them is less than the thermal wavelength
(λth), which is approximately 10 µm at room temperature.
Mittapally et al. have recently conducted a comprehen-
sive review focusing on the fundamental principles of
radiative heat transfer across various application domains.
They have also highlighted potential future prospects
for advancing NFTPV systems. The review has encom-
passed an analysis of recent experimental platforms that
effectively addresses multiple challenges encountered in
exploring NFTPV system. Their review delves into related
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photonic energy-conversion techniques, including ther-
moradiative and thermophotonic power generation. They
have concluded their discussion with an exploration of
future opportunities for scaling up NFTPV systems and
enhancing their overall performance [25]. As highlighted
in Ref. [25], achieving high power output and efficiency
involves implementing diverse strategies. These include
engineering emitters to emit selectively in the above-band-
gap region while minimizing absorption in the sub-band-
gap region, adjusting dielectric properties [26], and the
choice of materials, particularly those that support sur-
face modes at the interface between the object and the
vacuum. Examples include polar dielectrics such as sili-
con dioxide (SiO2) and silicon nitride (SiN), as well as
metals having surface plasmon polaritons in the infrared
region of the electromagnetic spectrum. Other approaches
involve developing thin-film and multilayer structures that
exhibit multiple surface modes [27–29], employing meta-
surfaces [30,31] and utilizing nonreciprocal materials [32].
Consequently, researchers have been exploring different
combinations of metals and dielectrics in their designs,
resulting in hyperbolic metamaterials (HMMs) that have
contributed significantly to the enhancement of the radia-
tive heat flux [24,33,34]. Datas and Vailan have conducted
a theoretical analysis of a device that involves the trans-
mission of photons and electrons from a hot LaB6-coated
tungsten emitter to a closely spaced BaF2-coated InGaAs
photovoltaic cell. This device utilizes photon tunneling and
space-charge removal across a nanoscale vacuum gap to
significantly enhance the flux of electrons and photons,
thereby boosting the generated electrical power density.
Their research has resulted in impressive conversion effi-
ciencies and electrical power densities of approximately
30% and 70 W/cm2, respectively, at 2000 K, with a
practical gap distance of 100 nm. These achievements
mark a substantial improvement over the performance of
stand-alone near-field thermophotovoltaic devices, which
typically exhibit efficiencies of around 10% and power
densities of approximately 10 W/cm2 [35]. In a separate
study, Jin et al. have explored the performance of a near-
field thermophotovoltaic (NFTPV) energy-conversion sys-
tem. In their setup, a W/SiO2-multilayer-based hyperbolic
metamaterial (HMM) served as the emitter at 1000 K,
while InAs acted as the TPV cell at 300 K. Their find-
ings demonstrate that the use of HMM results in a sixfold
increase in the electric power of the NFTPV devices com-
pared to those employing a plain W emitter, this being
particularly evident at a 100-nm vacuum gap [34]. Lim
et al. have achieved significant performance enhancement
in an NFTPV system by introducing a hyperbolic meta-
material (HMM) emitter, multilayered graphene, and an
Au-backside reflector. The HMM emitter and multilayered
graphene-covered TPV cell have been optimized using a
genetic algorithm to maximize the system power output.
Compared to a system with a bulk emitter and a bare

TPV cell, the optimized configuration has resulted in a
remarkable 24.2-fold increase in power output [36].

Advancements in deep-learning architectures, algo-
rithms, computational tools, and access to large data sets
have had a tremendous impact across various fields such as
science, engineering, and medicine [37–39]. In photonics,
deep learning has been utilized for modeling, design-
ing, and optimizing photonics devices more efficiently
and quickly than traditional numerical modeling methods.
The application of deep learning in the field of radiative
heat transfer at a nanoscale gap has recently become a
topic of interest. In the past few years, the progress of
machine-learning (ML) algorithms and the availability of
open-source software have opened up new avenues for
researchers to address optimization challenges in near-field
radiative heat transfer. The appealing benefits of ML, such
as the ability to identify multidimensional correlations and
explore vast design spaces, have piqued the interest of
thermal-science researchers, who have successfully inte-
grated ML into their work, bringing novel perspectives
to traditional problems. As a result, a significant num-
ber of researchers in the field of thermal radiation are
now creating ML-assisted code that can effectively opti-
mize structures for specific objectives [40–43]. The area of
ML application in thermal-radiation research has primarily
concentrated on the application of radiative heat transfer in
the far-field regime. However, there is a growing interest
in exploring the potential of ML in effectively addressing
optimization challenges in near-field radiative heat transfer
(NFRHT). Despite this interest, much is still to be dis-
cussed about how ML can be successfully applied in this
field. To address this gap, Wen et al. have developed an
ML strategy that utilizes data-driven approaches, specif-
ically an artificial neural network (ANN) and a genetic
algorithm (GA) combination. The authors have proposed a
systematic work flow for the modeling and optimal design
of NFRHT using this strategy. Their work provides valu-
able insights into the potential of ML to optimize NFRHT
and contributes to the growing body of research in this
area [44]. García-Esteban et al. have showcased the effec-
tive application of artificial neural networks (ANNs) in
theoretical modeling and analysis across a diverse range
of radiative-heat-transfer phenomena and devices. Their
study has encompassed three distinct application domains,
namely, NFRHT involving multilayer systems forming
hyperbolic metamaterials (HMMs), passive radiative cool-
ing in photonic crystal slab structures, and thermal emis-
sion from subwavelength objects [41]. Their work is the
driving force behind this present comparative study. This
study compares theoretical modeling techniques for the
radiative heat flux in an NFTPV system. No comparative
study has been conducted to evaluate the effectiveness of
fully connected networks (FCNs) and automated machine
learning (AutoML) in designing and optimizing NFRHT
for energy conversion in NFTPV systems. This study
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FIG. 1. (a) A schematic of an NFTPV system. (b)–(e) Plots of permittivities for a DSi/SiC hyperbolic structure at different filling
fractions at a doping concentration of 1019 cm−3. Type I (green) and Type II (violet) hyperbolic bands spread across the SiC reststrahlen
band. Type I occurs in the second quadrant, where the real parts of the ordinary (ε⊥ > 0) (blue line) and extraordinary (ε‖ < 0) (red
line) dielectric functions are positive and negative, respectively, while Type II occurs in the fourth quadrant, where the real parts of the
ordinary dielectric functions are negative (ε⊥ < 0) and those of the extraordinary (ε‖ > 0) dielectric functions are positive.

addresses this gap by conducting a comparative analysis
of these two approaches. The results of this study may
provide valuable insights into the potential of FCN and
AutoML in optimizing NFRHT for energy conversion. We
aim to enhance the performance of the NFTPV system by
generating a high radiative heat flux, which is a crucial
factor for an efficient NFTPV system. The emitter com-
prises periodic layers of doped silicon (DSi) and silicon
carbide (SiC) media arranged on a semi-infinite substrate,
forming a hyperbolic metamaterial (HMM) structure. DSi
and SiC are used as metallic and dielectric layers, respec-
tively. Meanwhile, the receiver is composed of an indium
antimonide (InSb) layer on a semi-infinite aluminum (Al)
layer, which serves as a metallic contact, as depicted in
Fig. 1(a). We conduct theoretical modeling of NFRHT
using a fluctuation electrodynamics (FE) framework that
employs dyadic Green’s functions (DGFs) and the scatter-
ing matrix (SM).

II. RESULTS AND DISCUSSION

An understanding of the structural characteristics of
emitters is crucial for optimizing their performance in var-
ious applications. We delve into the utilization of effective
medium theory (EMT) to model the dielectric function of
emitter structures, focusing in particular on establishing
their hyperbolic nature. The emitter structure under study
comprises alternating layers of DSi and SiC materials,

arranged on top of a semi-infinite substrate. The selection
of materials for constructing the emitter depends on their
capability to support surface waves, which is a crucial fac-
tor in emitter design considerations. SiC can be manufac-
tured by combining silica sand and carbon in an Acheson
graphite electric resistance furnace at temperatures ranging
from 1600 ◦C (2910 ◦F) to 2500 ◦C (4530 ◦F) [45]. Alter-
natively, SiC nanopowder can be synthesized using silica
fume [46]. Silicon (Si) is typically manufactured using
standard semiconductor processes and can be doped to
form DSi. By employing well-established EMT expres-
sions, we determine the dielectric function of this structure,
facilitating the identification of Type-I and Type-II hyper-
bolic media based on the dielectric properties of the con-
stituent materials. Type I occurs in a region where the real
parts of the ordinary (ε⊥ > 0) and extraordinary (ε‖ < 0)
permittivity are positive and negative, respectively, while
Type II occurs in a region where the real parts of the
ordinary (ε⊥ < 0) and extraordinary (ε‖ > 0) permittivity
are negative and positive, respectively. The permittivity
values for DSi are sourced from Ref. [47], while those
for SiC and other materials pertinent to the thermopho-
tovoltaic (TPV) cell, such as aluminum (Al) and indium
antimonide (InSb), are detailed in Sec. IV. To establish
the existence of the hyperbolic media, we present the plots
of the real parts of the effective permittivities of DSi/SiC
nanostructures at different filling ratios (f = 0.1–0.7) as
shown in Figs. 1(b)–1(e). We observe that the width of
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the hyperbolic bands can be controlled by varying the fill-
ing ratio f , with the largest width achieved at f = 50%.
These plots not only confirm the presence of Type-I and -II
hyperbolic structures but also show their extension toward
the SiC reststrahlen bands: a region in which SiC exhibits
metallic behavior [48]. While the use of EMT has been
associated with inaccurate predictions of radiative heat
transfer, the EMT expression remains a useful tool for
determining the frequency bands of HMM. It is important,
however, to exercise caution when applying the expres-
sion. One approach to broadening the hyperbolic bands
is to use two adjacent reststrahlen bands from phonon-
polaritonic materials such as SiC and GaN, as suggested
by Biehs and Ben-Abdallah [48]. Although metals also
exhibit negative permittivity over the bands, they tend to
have a high loss in the infrared region, making them less
advantageous than phonon-polaritonic materials, as noted
by Land et al. [49].

Once we have established that the proposed emitter
structure exhibits a hyperbolic structure through the emer-
gence of Type I and II structures, as described previously,
the next step is to determine the photonic transmission
coefficient (ξ ) using Eq. (6). This analysis aims to provide
a deeper understanding of how hyperbolic bands form and
to examine the influence of the periodic layer of DSi/SiC
on their development. We maintain the thickness of both

SiC and DSi layers at 10 nm for this investigation. This
thickness corresponds to a filling ratio of 50%, which has
been observed to produce the broadest hyperbolic bands,
as depicted in Fig. 1(d). To calculate the reflection coeffi-
cients for the TE and TM modes, we adopt the approach
presented in Ref. [50], as detailed in Sec. A, which we
then apply to Eq. (6) to obtain ξ . This approach is used
because of the problem associated with EMT when used
in the prediction of radiative heat transfer. In Fig. 2,
we illustrate a comparison of surface plots for various
structural designs: single parallel surfaces and hyperbolic
structures at different periods. In Fig. 2(a), surface modes
exist between two SiC plates coupled via the material vac-
uum interface. In Figs. 2(b)–2(d), it can be observed that
both surface modes and hyperbolic modes exist between
HMMs. The amplitude of the hyperbolic mode increases
while the spread decreases as the number of DSi/SiC lay-
ers increases due to the multiple reflections that occur at the
interface between the media. The hyperbolic modes differ
from surface modes as they propagate through the multi-
layer media, in contrast to the localized nature of surface
modes.

Next, we demonstrate radiative heat transfer between
different emitter-design configurations and the TPV cell
at an emitter temperature Te and a receiver temperature
Tr of 900 K and 300 K, respectively, when the vacuum

(a) (b)

(c) (d)

FIG. 2. The photonic transmission coefficient ξ for TM modes at d = 10 nm. (a) Two bulk SiC plates. (b) A hyperbolic metamaterial
(HMM) with a single period (N = 1) shows the appearance of hyperbolic and surface modes. (c) A two-period HMM (N = 2); here,
the hyperbolic modes become more visible, together with the surface mode. (d) A four-period HMM (N = 4); here, the hyperbolic
modes become more visible together with the surface mode [as compared to (b) and (c)].
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FIG. 3. (a)–(d) The spectral radiative heat flux and total heat flux for different emitter designs at a 100-nm vacuum gap: (a) the
SiC-plate emitter; (b) the one-period emitter; (c) the two-period emitter; (d) the four-period emitter. (e) The total heat flux for the
SiC-plate. (f) The total heat flux for the one-period emitter. (g) The total heat flux for the two-period emitter. (h) The total heat flux for
the four-period emitter.

gap d is set at 100 nm. The different emitter designs under
consideration include the SiC-plate and one-period HMM,
two-period HMM, and four-period HMM emitters. The
results are shown in Figs. 3(a)–3(d) and clearly demon-
strate that the HMM emitters exhibit a higher peak in
qω at around 0.1 eV, which results in higher Q values,
as shown in Figs. 3(e)–3(h), compared to the SiC-plate
emitter. There is slight increase in the peak as the period
increases, attributed to the contributions of both surface
and hyperbolic modes becoming more pronounced as the
number of periods increases. The maximum peak of qω is
observed for the four-period HMM emitter, outperform-
ing other emitter designs. This emphasizes that utilizing
hyperbolic structures as emitters significantly enhances qω

compared to modeling the emitter as a semi-infinite plate
of SiC. To demonstrate the ability of the model to distin-
guish between structures with varying input parameters,
we have performed an analysis on the response of the
model to a varying structural layer and the results of this
analysis can be found in Fig. 7.

Additionally, we have investigated how changes in the
vacuum gap d between the emitter and receiver affect the
total heat flux Q by examining various emitter designs.
In Figs. 3(e)–3(h), we show the corresponding Q at dif-
ferent gaps for all emitter configurations. As expected, Q
decreases as d increases. Across all emitter designs, the
maximum net heat flux is achieved by the four-period

HMM emitter, followed by the two-period HMM and the
one-period HMM, and the least by the SiC-plate, when
d = 100 nm. At a 100-nm gap, the recorded values of Q
are 0.6390 W/cm2, 0.7292 W/cm2, 0.792582 W/cm2, and
0.505194 W/cm2 for the one-period, two-period, and four-
period HMM emitters and the SiC-plate emitter, respec-
tively. At the specified gap, all HMM emitters have higher
value of Q compared with the SiC-plate emitter. Notably,
for a four-period emitter layer, Q is 1.6, 1.2, and 1.1 times
higher than that of a SiC-plate (0.505194 W/cm2), a one-
period emitter (0.6390 W/cm2), and a two-period emitter
(0.7292 W/cm2), respectively. Hence, the enhancement
rate increases as the emitter period is increased from 1 to 4.
We have also explored the impact of the doping concentra-
tion Nc of DSi on the Q enhancement for all HMM emitters
at different gaps. The results demonstrate that by increas-
ing Nc to 1021 when d = 100 nm, the values of Q obtained
are 0.825375 W/cm2, 0.89 W/cm2, and 0.9031 W/cm2 for
one-period, two-period, and four-period HMM emitters,
respectively. The increase in Nc results in an enhance-
ment factor of 1.29, 1.22, and 1.14 times the values of Q
obtained when Nc = 1020 for one-period, two-period, and
four-period HMM emitters, respectively. Further details on
the effect of Nc on Q can be found in Fig. 6. These find-
ings underscore that HMM emitters yield higher values of
Q compared to the single-plate emitter configuration. The
results indicate that the same Q can be achieved at a larger
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gap distance when using an HMM emitter than a single-
plate emitter. This finding is significant for experimental
research, as achieving a small gap distance is a challeng-
ing task that often requires an advanced experimental setup
[51]. We have also demonstrated how changes in the emit-
ter temperature Te affect both the optical and electrical
performance of our designs (see the details in Sec. B).
First, we demonstrate how the temperature changes affect
the Q values by systematically adjusting the emitter tem-
perature across a range from 500 K to 1200 K. Our findings
indicate that the effect of temperature elevation on the total
heat flux is more prominently noticeable in the case of the
HMM emitters when compared to the SiC-plate emitter.
This distinction is visually depicted in Fig. 6(b).

To demonstrate how ML methods can be used in the the-
oretical design and optimization of the radiative heat flux
for an NFTPV system for energy conversion, we employ
an FCN and AutoML in our design. In Fig. 4(a), we illus-
trate a schematic representation of a forward modeling
network used in our analysis. This network takes in the
structure represented by t1,. . . ,tn as input and generates a
response denoted by β1,. . . ,βn as output. Hidden layers
with their respective neurons connect the input and out-
put. We use a five-layer FCN with nine, 400, 400, 200, and
200 units, respectively, for our analysis. The input layer

of nine units represents the thickness of a nine-layer [an
eight-layer HMM emitter and a one-layer InSb cell, shown
in Fig. 4(b)], while the output of 200 units matches the
number of discrete points of the radiative-heat-flux spec-
trum. The FCN has three hidden layers with 400, 400,
and 200 units, respectively. We set the activation function
to ReLU and use Adam as the optimizer, with a learn-
ing rate of 1 × 10−6 and 1000 epochs. We generate 1000
training data sets using the MATLAB software by varying
t1,. . . ,t9 and obtaining the corresponding response, which
is the spectral radiative flux (qω), in this case at a 100-nm
vacuum gap for practicality [34]. The first eight structures
(t1,. . . ,t8) vary from 10 to 50 nm, while t9 varies from 1 to
5 µm. Training is conducted to minimize the cost function,
which measures the average-squared difference between
the predicted flux and the actual flux of the neural networks
(NNs). In this process, 70% of the available data is uti-
lized for training, while the rest is divided into validation
and test sets. The learning curve, illustrated in Fig. 4(c),
demonstrates that the FCN is appropriately trained, as evi-
denced by the gradual decrease in the loss function across
the test samples.

As part of our comparative study, we have utilized
AutoML to model the spectral radiative heat flux theoreti-
cally. AutoML is an advanced technique that automatically

(a) (c) (d)

(e) (f)

(b)

FIG. 4. (a) A fully connected network (FCN) model. (b) The schematic diagram of the NFTPV system at a 100-nm gap. (c) Training
and validation against the epoch for FCN. (d) Training and validation against the epoch for AutoML. (e) A comparison of the spectral
radiative-heat-flux predictions using ML models (FCN and AutoML) with the theoretical approach (FE) before optimization. (f) A
comparison of the spectral radiative-heat-flux predictions using ML models (FCN and AutoML) with the theoretical approach (FE)
after optimization.
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discovers the best-performing model for a given data set.
Unlike FCN, which requires the user to select the model
architecture and hyperparameters, AutoML uses neural-
architecture search (NAS) to determine both the model
architecture and the hyperparameters used for training.
This approach enables researchers to address predictive
modeling tasks with minimal input efficiently. In our anal-
ysis, we have searched 15 models using NAS and found
that the best-performing model generated by AutoML con-
sists of a four-layer architecture with nine, 16, 32, and
200 units, respectively, a ReLU activation function, and an
Adam optimizer. We have plotted the loss function against
epoch for both training and test instances in Fig. 4(d) and
compared the qω values predicted by both the FCN and
AutoML models to those obtained from FE in Fig. 4(e)
when the structure was set to 10 nm, 50 nm, 20 nm, 40 nm,
15 nm, 10 nm, 20 nm, 30 nm, and 2000 nm.

We have followed an iterative algorithm to optimize
the structural parameter of the NFTPV system (the layer
thickness), using both the FCN and AutoML models. This
algorithm is represented by a schematic diagram in Fig. 9.
In this algorithm, we compare the predictions of the βi to
βi+1, where i varies from 1 to the length of the design
space. This process continues until it covers the entire
design space and finally produces the peak spectrum βmax
and the corresponding structure. Our goal has been to
generate the highest possible qω value with largest spec-
trum area, a crucial design consideration for an efficient
NFTPV system. We have found that both models predict
the same structure that results in the highest qω and that the

optimized structure predicted by the two models is approx-
imately 17 nm, 49 nm, 35 nm, 11 nm, 29 nm, 14 nm, 47
nm, 27 nm, and 1043 nm, with the corresponding peak
qω values as shown in Fig. 4(f). In summary, both the
FCN and AutoML models have demonstrated effective-
ness in predicting and optimizing the structural parameters
of the NFTPV system, ultimately leading to the identifica-
tion of an optimized structure that maximizes the spectral
radiative heat flux for enhanced energy-conversion effi-
ciency. However, it is essential to highlight the differences
in efficiency between the FCN and AutoML approaches.
The FCN requires significant time investment for train-
ing the model, selecting appropriate hyperparameters, and
fine tuning parameters manually. In contrast, AutoML
streamlines the training process and hyperparameter tun-
ing through NAS, offering efficient performance within a
shorter time frame. This automated approach reduces the
burden of manual optimization tasks associated with the
FCN, making AutoML a compelling choice for rapidly
achieving optimal results in NFTPV-system design and
optimization.

To conclude this analysis, we have investigated the
impact of radiative flux on critical parameters of the cell,
namely, the short-circuit current, the electrical power, and
the efficiency. We have analyzed the total flux at differ-
ent vacuum gaps for two types of emitters: the SiC-plate
emitter and the HMM emitter (four-period), as shown in
Fig. 5(a). It can be observed that the net radiative flux
decreases as the gap increases. The flux is initially higher
for the HMM emitter until a 800-nm gap, beyond which

(a) (c) (e)

(b) (d) (f)

four-period SiC plate SiC plate (NR included) four-period (NR included)

FIG. 5. A comparison of the key parameters for our designs: the HMM emitter and the SiC-plate emitter. (a) The simulated radiative
heat transfer for NFTPV energy conversion at different gaps. (b) The J -V characteristics obtained at a 100-nm gap. (c) The power-
voltage (P-V) characteristics obtained at a 100-nm gap. (d) The electrical power considering the nonradiative effect. (e) The efficiency.
(f) The efficiency considering the nonradiative effect.
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TABLE I. A performance comparison of the different NFTPV-system designs.

Serial no. Te (K) d (nm) Prad Pelec Efficiency Ref.
(W/cm2) (W/cm2) (%)

1 900 100 0.9452 0.324 34 Our design
2 � � � 0.23 (NR) 30 (NR) Our design
3 500 200 . . . 0.0659 . . . [36]
4 � � . . . 0.066 . . . Our design
5 1000 100 9.3 0.2 . . . [34]
6 1000 100 1.33 0.4243 32 Our design
7 � � � 0.3790 28.5 (NR) Our design
8 2000 100 . . . 6.73 18 [35]
9 � � 8.975 2.1 23.4 Our design

it falls below the flux obtained for the SiC-plate emitter.
To maintain practicality in our design, we have maintained
a minimum gap distance of 100 nm as previously stated.
Next, we have examined the impact of the obtained flux on
the aforementioned critical parameters of the TPV cell. We
have compared the two emitter configurations (SiC plate
and four-period emitter). The analysis of the photocurrent
generation in the cell has been based on electrical param-
eters specific to the InSb cell obtained from a previous
study. The methodology for this analysis follows the work
described in Ref. [52]. The parameters of the InSb cell uti-
lized in this study are taken from Refs. [53,54], with an
intrinsic carrier concentration of ni = 6.06 × 1014 cm−2

and Auger-recombination coefficients Cn = Cp = 2.26 ×
10−27 cm−6s−1.

We have first obtained the current-voltage (J -V) char-
acteristics for the designs under consideration, as depicted
in Fig. 5(b). A clear upward shift of the J -V curve with
a larger short-circuit current density Jsc can be observed
for the four-period emitter compared to the SiC-plate
emitter. In Fig. 5(c), we illustrate the corresponding elec-
trical power output P at the maximum power point MPP.
It is evident that P increases to 0.324 W/cm2 for the
four-period emitter design compared to 0.18 W/cm2 for
the SiC-plate emitter design, indicating an approximately
twofold power enhancement. The efficiencies of the two
designs are plotted in Fig. 5(e), with the highest recorded
efficiencies being 34% and 30%, for the HMM emitter and
the single-plate emitter, respectively. In addition, we have
evaluated the impact of nonradiative recombination (NR)
in the TPV cell on the electrical power output and effi-
ciency, as illustrated in Figs. 5(d) and 5(f), respectively.
As depicted in Fig. 5(d), when considering the NR effect,
the maximum power outputs obtained are 0.14 W/cm2 for
the SiC-plate emitter and 0.28 W/cm2 for the four-period
emitter. Similarly, in Fig. 5(f), the maximum efficiencies
recorded are 23% for the SiC-plate emitter and 30% for
the four-period emitter. It can be observed that incorporat-
ing the NR effect into our calculations reflects the actual
values of the electrical power output and efficiency of the
TPV cell. This distinction can be attributed to variation of

the current density J with the applied voltage. Therefore,
when evaluating the performance of the TPV cell, it is cru-
cial to consider the NR. Refer to Sec. B for a more detailed
analysis of the impact of Te on the aforementioned critical
parameters and Sec. C for all equations used to model the
photocurrent generation in the TPV cell. Finally, we com-
pare our results to those of some recently published papers
[34–36], as shown in Table I.

III. CONCLUSIONS

In this comparative study of the FCN and AutoML mod-
els for NFTPV-system design and optimization, we have
successfully modeled the NFTPV system using the FE
framework with the DGF and the SM. We have demon-
strated the use of deep learning in theoretically designing
and optimizing the radiative heat flux for an NFTPV sys-
tem using both the FCN and AutoML models. We have
also demonstrated the effect of the obtained flux on critical
parameters of the TPV cell by considering the inclusion
of NR and its exclusion. To effectively communicate the
challenges and limitations that we have encountered while
using deep-learning models for optimizing the spectral
radiative heat flux in an NFTPV system, it is crucial to
highlight the following. The generation of training sets
is a time-consuming process, which may become even
more demanding as the period of the hyperbolic emitter
increases. The architecture models that we have employed
could accurately represent the ground-truth spectrum for
any structure within the design space. However, they
could not accurately represent the ground-truth spectrum
for structures outside the design space. It is crucial to
ensure that the models can accurately represent spectra for
structures both within and outside the design space.

IV. METHODS

A. Modeling of dielectric function and formation of
hyperbolic bands

Doped silicon (DSi) is used as the metallic layer,
the dielectric model can be found in Ref. [55], while
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silicon carbide (SiC) is used as the dielectric layer and is
described by Eq. (1) with ε∞ = 6.7, ωL = 1.8 × 1014 s−1,
ωT = 1.49 × 1014 s−1, and γ = 8.9 × 1011 s−1 [56]:

εSiC = ε∞ + ε∞(ω2
L − ω2

T)

ω2
T − ω2 − iγω

. (1)

The periodic layers (DSi and SiC) are deposited on a semi-
infinite SiC layer that serves as a substrate. The receiver
(TPV cell) consists of an indium antimonide (InSb) on a
semi-infinite aluminum (Al) layer, serving as an electrode.
The InSb layer is modeled as [53]

εcell =
(

n + iα
2k0

)2

, (2)

where α is given as

α(ω) =

⎧⎪⎪⎨
⎪⎪⎩

0, ω < Eg ,

α0

√
ω − Eg

Eg
, ω ≥ Eg .

(3)

B. Theoretical modeling of a NFTPV system

The general expression for the spectral radiative heat
flux between planar surfaces based on Rytov’s FE and the
DGF is given as [57–61]:

qω(Te, Tr, d) = 1
4π2 (
(ω, Te) − 
(ω, Tr))

×
∫ ∞

0
dβ β (ξTE(ω, β) + ξTM(ω, β)) ,

(4)

where 
(ω, T) is the Planck mean oscillator energy, given
as


(ω, T) = �ω

e
�ω
kBT − 1

, (5)

ξα is the photonic transmission coefficient, expressed as

ξα(ω, k) =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

(1 − |Re
α|2)(1 − |Rr

α|2)
|Dα|2 , β < k0,

4 Im(Re
α) Im(Rr

α)e−2 Im(k0
z )d

|Dα|2 , β > k0,

(6)

which considers contributions of both propagating
(β < k0) and evanescent (β > k0) waves, and α represents
TE or TM modes. The contribution of the evanescent field
results in super-Planckian heat transfer at the nanoscale
gap [58]. Te is the emitter temperature (at 900 K), Tr
is the receiver temperature (maintained at 300 K), and

kz0 = √
((k2

0 − β2)), k0 = ω/c, Dα = 1 − Re
αRr

αe−2ikz0d,
and β are perpendicular wave vectors in a vacuum, the vac-
uum wave vector, the Fabry-Perot-like denominator, and
the wave vector parallel to the multilayer stacks, respec-
tively. Re

α and Rr
α denote the reflection coefficient ampli-

tude for the multilayer structure emitter and the receiver
as viewed from the vacuum. We adopt the procedure
described by Raphael et al. for calculating Rα in our anal-
ysis, as the method has been proven stable when dealing
with high a β value for the evanescent field and highly
absorbing materials [50]. Finally, the total radiative flux Q
can be obtained from

Q(T, d) =
∫ ∞

0
dω qω(Te, Tr, d). (7)
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APPENDIX A: TOTAL REFLECTION
COEFFICIENT FOR A MULTILAYER

STRUCTURE

The reflection coefficients of a multilayer hyperbolic
emitter and the receiver (the TPV cell) can be determined
using an optical-multilayer algorithm [50]. This algorithm
takes into account the refractive indices of the layers and
a parallel wave vector (β). The multilayer stack consists
of N interfaces, numbered from 1 to N , with the incidence
interface denoted as 0 and the output medium denoted as
N . In this particular case, the output medium of the emitter
and the receiver is represented by SiC and Al, respectively,
as shown in Fig. 1(a). The reflection coefficient for the
emitter or TPV cell, as viewed from vacuum (the incident
medium), can be calculated recursively using Eq. (A1),
starting at the last interface (the N th) and working back-
ward to the incidence interface. The initial condition is set
to RN = rN :

Rj = rj + Rj +1e2i
√

k2
j −β2tj

1 + rj Rj +1e2i
√

k2
j −β2tj

, (A1)

rTE
j =

√
k2

j − β2 −
√

k2
j +1 − β2

√
k2

j − β2 +
√

k2
j +1 − β2

, (A2)

rTM
j =

kj +1
kj

√
k2

j − β2 − kj
kj +1

√
k2

j +1 − β2

kj +1
kj

√
k2

j − β2 + kj
kj +1

√
k2

j +1 − β2
. (A3)

Equation (A1) calculates the total reflection coefficient for
a given interface, where tj is the thickness of the j th layer
in nanometers, rj is the Fresnel reflection coefficient of
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the j th interface, and kj is the wave vector in the j th
medium. The values of rj for TE and TM modes are given
by Eqs. (A2) and (A3), respectively.

APPENDIX B: THEORETICAL MODELING OF
NFTPV SYSTEM

In this appendix, we have examined the influence of
an increased doping concentration Nc of DSi on the net
heat flux Q for one-period, two-period, and four-period
HMM emitters across various gap distances at Te of 900 K.
To provide a comprehensive comparison, we have con-
trasted the obtained results with those from single-plate
emitters, illustrated in Fig. 6(a). Notably, it is evident that
the HMM emitters exhibit higher Q values compared to
a single-plate emitter. Conversely, the SiC-plate emitter
consistently records the lowest Q values across the gap
variations. As detailed in the main text, at a 100-nm gap,
the four-period HMM emitter consistently displays the
highest Q values when compared to other emitter config-
urations. Furthermore, we have investigated the effect of
varying Te on Q, as depicted in Fig. 6(b), when d is kept at
100 nm. As anticipated, an increase in emitter temperature
correlates with an augmentation of Q, with the four-period
emitter consistently attaining peak values across the entire
temperature range. Lastly, we examine the effect of varying
doping concentrations on Q for different periods of hyper-
bolic emitters, as illustrated in Fig. 6(c). The results show
that Q increases with an increase in Nc, with the four-
period configuration yielding the highest values. These
findings highlight the advantage of utilizing a hyperbolic
emitter in achieving comparable heat flux at greater gap

distances compared to single-plate emitters. Recognizing
the importance of the ability of the model to distinguish
between different input layers, we have performed an anal-
ysis on the response of the model to varying structural
layers and the results are shown in Figs. 7(a)–(e). Addi-
tionally, we have obtained the corresponding net flux and
we represent the results as a bar graph in Fig. 7(f).

APPENDIX C: MODELING OF PHOTOCURRENT
GENERATION IN TPV CELL

We have modeled the photocurrent generation inside the
TPV cell with and without the inclusion of nonradiative
recombination (NR). The NR current density is given by
Ref. [62]:

Jnrad = qtr(Cn + Cp)n3
i exp

(
3qV

2kBTr

)
. (C1)

The total current density with inclusion of NR (JNR) and
without NR (J ∗

NR) are expressed, respectively, as follows:

JNR = Jph − Jrad − Jnrad, (C2)

JNR∗ = Jph − Jrad, (C3)

where ni is the intrinsic carrier concentration, kB is the
Boltzmann constant, q is the electronic charge, tr is the
thickness of the cell, Cn and Cp are Auger-recombination
coefficients, V is the applied voltage, Tr is the cell tem-
perature, Jph is the photon current density, and Jrad is the
radiative current density. Jph and Jrad can be calculated,

(a)

(b)

(c)

SiC plate
one-period
two-period
four-period one-period

two-period
four-period

FIG. 6. (a) The net radiative heat flux at different gaps for the different emitter designs at Nc = 1021 when Te = 900 K. (b) The net
radiative heat flux at different emitter temperatures for different designs at Nc = 1021 at a 100-nm gap. (c) The net radiative heat flux
at different doping concentrations for different hyperbolic emitters when Te = 900 K at the 100-nm gap.
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(a)

(d)

(e)

(f)

(b)

(c)

FIG. 7. The effect of varying layer thickness on the spectral heat flux (a) design 1, (b) design 2, (c) design 3, (d) design 4,
(e) design 5. (f) A bar graph showing the net flux for different structures.

respectively, as follows:

Jph =
∫ ∞

ωc

q
4π2ω�

(
(ω, Te, 0))

×
∫ ∞

0
dβ β (ξTE(ω, β) + ξTM(ω, β)) dω, (C4)

Jrad =
∫ ∞

ωc

q
4π2ω�

(
(ω, Tr, V))

×
∫ ∞

0
dβ β (ξTE(ω, β) + ξTM(ω, β)) dω, (C5)

where wc is the angular frequency in rad/s corresponding
to the band gap of the InSb cell (Egap = 0.17 eV) at room
temperature. Finally, the efficiency of the overall system
can be calculated as follows:

efficiency = P
Q

× 100, (C6)

where P is the output power density of the cell and Q
is the total radiative heat flux obtained by integrating
qω(Te, Tr, d) over the entire frequency range:

P =
{

JNRV, with NR,
JNR∗V, otherwise.

(C7)

We have conducted an analysis of the electrical power
and efficiency of two different emitter designs: the HMM
emitter with a four-period structure and the single-plate
emitter with the SiC plate. We have considered two cases
for each emitter design, one with the inclusion of NR and
one by excluding it.

The plots in Figs. 8(a) and 8(b) illustrate the rela-
tionship between the electrical power and the applied
voltage for both emitter designs. The maximum power
densities achieved are 0.324 W/cm2 (excluding NR) and
0.28 W/cm2 (including NR) for the four-period emitter,
while for the SiC-plate emitter, the values are 0.18 W/cm2

(excluding NR) and 0.14 W/cm2 (including NR). Fur-
thermore, we have assessed the efficiency of the emitter
designs. For the four-period emitter, the efficiencies are
34% (excluding NR) and 30% (including NR), while for
the SiC-plate emitter, the efficiencies are 30% (excluding
NR) and 23% (including NR), as depicted in Figs. 8(c)
and 8(d). This highlights the importance of considering the
effect of NR when evaluating the figure of merit (FoM) for
a TPV system.

In order to understand the influence of the gap varia-
tion on the electrical power output and current density of
the optimized four-period emitter in a TPV system, we
have conducted a study in which we have obtained J -V
curves at different vacuum gaps. As expected, as the gap
decreases, P experiences a substantial increase. At gap
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(a) (b)

(c) (d)

four-period (excluding NR)
four-period (including NR)

four-period (excluding NR)
four-period (including NR)

FIG. 8. Evaluation of the key parameters of the cell with and without NR. (a) The power density for the four-period emitter.
(b) The power density for the SiC-plate emitter. (c) The efficiency for the four-period emitter. (d) The efficiency for the SiC-plate
emitter.

sizes of 100 nm and 500 nm, P measures 0.324 W/cm2 and
0.15 W/cm2, respectively. We have also obtained the cor-
responding current-density characteristics for gaps of 100

nm and 500 nm. Notably, as the gap size decreases, there is
a noticeable upward shift of the J -V curve toward a larger
short-circuit current density Jsc. For instance, Jsc increases

FIG. 9. A schematic diagram for implementation of the deep-learning approach.
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from 0.74 A/cm2 at 500 nm to 1.5 A/cm2 at 100 nm.
This increase can be attributed to the higher above-band-
gap (ABG) photon flux resulting from the coupling of
evanescent modes at subwavelength gaps. This demon-
strates the enhancement of both P and J with increasing
gap size.

Finally, in Fig. 9 we illustrate the deep-learning
approach employed in this study. The schematic diagram
is structured into three key stages: data generation, train-
ing and predictions, and optimization. Data generation
involves utilizing the MATLAB simulation software to gen-
erate data by varying the structural parameters of the
NFTPV system under investigation. The training process
differs for the two ML models used: manual training for
the FCN and automated training for AutoML. During
this stage, the models are trained to predict the spectrum,
specifically the spectral radiative heat flux, by minimiz-
ing the mean absolute error (MAE). Following successful
training, the models are used for spectrum prediction.
Lastly, an optimization process is implemented using an
iterative algorithm, as depicted in Fig. 9. This optimization
aims to compare different generated spectra and identify
the spectrum with the maximum flux and area as the out-
put. This is crucial for achieving a high net flux, which
translates to a higher number of ABG photons, ultimately
contributing to a more efficient NFTPV system.
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