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ABSTRACT

The recent decade has witnessed the advent of near-field radiative heat transfer (NFRHT) in a wide range of applications, including thermal
photovoltaics and thermal diodes. However, the design process for these thermal devices has remained complex, often relying on the intuition
and expertise of the designer. To address these challenges, a machine learning (ML) strategy based on the combination of an artificial neural
network (ANN) and a genetic algorithm (GA) is presented. The ANN is trained to model representative scenarios, viz., NFRHT between meta-
materials and NFRHT and thermal rectification between nanoparticles. The influence of different problem complexities, i.e., the number of
input variables of function to be fitted, on effectiveness of the trained ANN is investigated. Test results show that ANNs can obtain the radia-
tive heat flow and rectification ratio accurately and rapidly. Subsequently, physical parameters for the largest radiative heat flow and rectifica-
tion ratio are determined by the utilization of GA on the trained ANN, and underlying mechanisms of deterministic optimum are discussed.
Our work shows that data-driven ML methods are a powerful tool, which offers unprecedented opportunities for future NFRHT research.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0103363

Near-field radiative heat transfer (NFRHT) has many promising
applications in a variety of fields from electronic devices to renewable
energy utilization due to its high efficiency of energy transmission."
Previous theoretical research mainly focuses on cases of enhancing the
radiative heat transfer far beyond the black-body limit (thermal photo-
voltaics,” ' thermal imaging'” '*) and active control of the heat flow
(thermal diodes,' ™' transistors,"” and switches“"zo). Common meth-
ods in previous designs of enhancing and controlling heat flow include
inducing surface and hyperbolic modes, employing new materials
whose dielectric function is sensitive to the temperature and exploiting
asymmetric nanophotonic structures.”'*° Nevertheless, these methods
very often rely on the intuition and expertise of researchers, ultimately
limiting the development of structure for desired radiative properties.
Additionally, conventional methods of calculating NFRHT, including
rigorous coupled-wave analysis (RWCA)"”>** and dyadic Green’s
functions (DGFs),”” are very computationally expensive. Therefore,
exploring a more systematic and efficient method to design thermal
devices is very imperative.

In recent years, the advancement of machine learning (ML)
algorithms and the abundance of open source software may provide
alternative ways for researchers to tackle optimization problems in

near-field radiative heat transfer. Prompted by ML'’s attractive advan-
tages, such as identifying multi-dimensional correlations and exploring
massive design spaces, thermal-science research has successfully begun
to employ ML, thereby bringing fresh perspectives to its conventional
problems.”’ * In the field of thermal radiation, a large body of
researchers are developing ML assisted code that can be efficiently
used to optimize structures for a specific purpose.”””® For example,
Ben-Abdallah et al.””" designed the composite structures to control
the thermal emission and local density of state based on genetic algo-
rithms (GAs). Hu et al.” took the power density and system efficiency
as the coupling parameters to optimize the Tamm emitter based on
the Monte Carlo tree search algorithm. Sakurai et al.*’ designed an
ultranarrow-band wavelength-selective thermal radiator by combining
the electromagnetic field calculation and Bayesian optimization. Seo
et al.”" applied an evolutionary algorithm to find the optimal geomet-
ric parameters of a solar thermal absorber for the largest solar absorp-
tance. However, recent progress on this topic has mainly focused on
harnessing solar radiation for power generation, and the characteristic
scale of it is in the far-field radiative heat transfer. The more modern
and hotter topics about how ML can be effectively applied in NFRHT
remain unclear.

Appl. Phys. Lett. 121, 071101 (2022); doi: 10.1063/5.0103363
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In this work, by combining two data-driven ML methods, viz.,
artificial neural networks (ANNs)** and genetic algorithms (GAs), we
propose a flow chart for modeling and optimal design of near-field
thermal devices as shown in Fig. 1. The adopted workflow is enabled
by the following innovative points: first, a sampling method based on
Latin hypercube sampling (LHS) and sensitivity analysis (SA) is used
for the design parameters of the problem to be studied. These sampled
points are calculated with an accurate NFRHT method so as to build
our training datasets. Second, a surrogate ANN model was trained to
construct a functional model from an input feature vector to a corre-
sponding output feature vector, which can be used to predict the
NFRHT and rectification ratio of corresponding structures. Finally,
GA was applied to the surrogate ANN model to identify the optimal
solution for the problem based on emulating biological evolutionary
theories."”** Detailed descriptions and settings of ANN and GA for
this research can be seen in the supplementary material.

To illustrate these ideas, the proposed workflow has been first
dedicated to tackling the structural optimization of NFRHT between
multilayered metamaterials, which shows unprecedented potentials to
manipulate light and heat beyond substances existing in nature.
NFRHT between two periodic multilayered metamaterials configured

scitation.org/journal/apl

by doped silicon (D-Si) and germanium (Ge) in Ref. 45 are reconsid-
ered. The system under consideration is shown in Fig. 2. In the model-
ing, t,, and t4 are the thicknesses of D-Si (metallic behavior) and Ge
(dielectric), respectively. The resulting period P = t,, + t4 is set to 50
so as to approximate a semi-infinite structure. Metal-dielectric (MD)
configuration for the two layers adjacent to vacuum is employed. The
temperature of each body is assumed to be uniform at T}, and T7. The
dielectric function of D-Si (n-type) with a doping concentration of Dg;
is obtained from Ref. 46. The relative permittivity of vacuum and Ge is
treated as constants 1 and 16, respectively. NFRHT between two mul-
tilayered structures can be described as

l 00
Q= 353 |, [B(0.T:) ~ O(0. T)ldo

<[ B amap, 1)

j=sp

where ®(w, T) represents the mean energy of Planck’s oscillator,
&i(w, B) is the energy transmission coefficient depending on the
reflection coefficient matrix of the structure, and j is either s or p for
different polarizations. In the present study, the scattering theory and
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FIG. 1. Outline of the proposed machine learning strategy. Goal of this workflow is to model the NFRHT/rectification ratio (objective function) between multilayered metamateri-
als (MMs) and nanoparticles (NPs) and decide design parameters for the largest value of objective functions.
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Il D-Si (with concentration D) Ge P=50
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FIG. 2. Schematic of near-field thermal radiation between two multilayered meta-
materials (at temperatures T, and T, respectively), separated by a vacuum gap
dya- The thickness of D-Si with a doping concentration of Ds; and Ge layers are t,
and t4, respectively, resulting in a unit cell of period P = ty, + f5.

effective medium theory (EMT) in Ref. 45 are used to calculate the
accurate and approximate value of energy transmission coefficient,
respectively.

Usually, when the functional relationship between input a and
output Qann becomes more complex, larger training dataset and net-
work architectures are required so as to retain good prediction perfor-
mance.”” To better reflect the applicability of ANNs to problems with
different complexities, four different functional models were consid-
ered, including two-input model {input: (¢, t4), output: Qp,}, three-
input model {input: (fm, ta, dpi), output: Qpl}, four-input model
{input: (tm, L4, dpla, Th), output: Qp}, and five-input model {input:
(tm, ta, dpia; Th, Dyi), output: Qpp,}. The range of considered variables
for sampling is shown in Table I. Parameters will take the default value
if they are not considered as input variables. The temperature of T; is
taken as 0 K in all cases.

A uniformly distributed sampling method like LHS is first used,
and four different sizes of training datasets without prejudice (1000,
2000, 3000, and 4000) are obtained toward problems with different
complexities. However, according to Refs. 48 and 49, neural networks
are biased toward learning less complex functions, and uniform input
data distributions over the parameter space struggle to learn high-
gradient components and often fail to train. To address this challenge,
non-uniform input data distributions are generated, and more sam-
pled points in high-gradient regions are conducted additionally sam-
pling. We mainly implement the global sensitivity analysis (GSA) to
help us identify the essential parameters for the steep variation

TABLE I. Range of considered variables for multilayer metamaterials.

Parameter” tm tq dpla Ty, D
Lower bound 10 10 10 300 1x 108
Upper bound 500 500 500 400 1 x 10%
Default value 100 300 1 x 10%
*Units for ty,, t4, and dpj, are nanometer (nm). Units for T, and Dy; are Kelvin (K) and
cm 3, respectively.

ARTICLE scitation.org/journal/apl

TABLE Il. Adjusted-R? results for the ANN model of four different inputs.

Category Two-input  Three-input Four-input Five-input

Adjusted-R? 1 1 0.9998 0.9996

(gradients), thereby generating our additionally sampled points. The
results show that the vacuum gap distance dp, is the most influential
parameter, aligning with the existing evanescent wave theory in
NFRHT. Additional 300 points, 400 points, and 500 points for three-
input, four-input, and five-input models, were sampled in regions with
small values of dpj,. Subsequently, these training datasets and four
different ANN architectures are applied to train the model. More
details about sampling methods and training process can see the
supplementary material.

Adjusted coefficients of determination (Adjusted-R?) are used to
characterize the performance of the developed model, which can be
expressed as follows:

Z?:l (ypredict,i - ydataii)z

REP=1-— = = , (2a)
2im (Vdatai =¥ data,i)z
1-R)(n—-1
Adjusted — R =1 — w, (2b)
n—k—1

where Ypredict.i is the value predicted by ANNs at test data point i, yata,i
is the actual value calculated by the scatter theory at point i, n is the
size of the test dataset, and k is the number of input variables for the
model. The results of trained models on test dataset (100 points
generated by LHS) are shown in Table II. It can be clearly seen that
Adjusted-R* for four models is approximately 1. This suggests that
prediction results of the neural network are in good agreement with
true values in considered ranges. In Fig. 3, we show errors of different
testing structures predicted by the five-input ANN and EMT. The
error is defined by the following equation:

10 L] L] L] L]
_—
© ANN
|= dpla/(tm+td) B EMT
8 F -
— 6k -
é |
—
[e]
= 4k o -
L

Data Index

FIG. 3. The errors of different testing structures predicted by ANN and EMT. The
testing data sets are randomly generated by LHS. In order to show the characteris-
tics of EMT, we sort the data by dyia /(tm + to)-
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TABLE IIl. Optimization results for the ANN surrogate model of four different inputs. Numbers in brackets indicate the default value of corresponding parameters. Qany is the
radiative heat flow predicted by the ANN. Qscatier i the accurate heat flow calculated by the scatter theory on the deterministic optimum. Error is defined in Eq. (3).

Category” tm ta dpla Ty Dy; Qann Qscatter Error
Two-input 10 10 (100) (300) (1 x 10%%) 6744 6438 4.75%
Three-input 10 10 10 (300) (1 x 10%%) 191883 197550 2.87%
Four-input 320 10 10 400 (1 x 10%) 666398 623320 6.91%
Five-input 500 10 10 400 1.93 x 10" 1334861 1391800 4.09%

Units for Qann and Qucager are W/m?.

Error — Qpredicted — Quaccurate

(©)

Qaccurate

From the results, we can see that only when dp,/(fn + ta) is large
enough, can EMT be accurate to predict the NFRHT. This aligns with

(a) -
500 1
45 dye = 100 Nm 6500
ool T, = 300K 6000
350 {08 Dg = 1X102 cm™ 5500
3001
£ 5000
250 Two-input o
200
150 4000
1R 3500
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) - 3000
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t L
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. 2501 3
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1
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the application conditions of EMT in NFRHT between multilayer
metamaterials.”” In contrast, the ANN model can have relative small
errors (less than 5%) in all ranges.

Subsequently, the trained ANN is used as a surrogate model, and
another ML technique, viz., genetic algorithm, is applied for finding

(b) e 10
500
450 dpla =10 nm 1.8
400 Th = 300K 16
= 20 -3
350 Dg = 1X10%° cm 14
g 300 1.2
<250 - 1
E Three-input
200 0.8
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d &
( ) Qscatter X105
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T, =400 K .
8
Five-input
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4

2 4 6 8 10
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FIG. 4. NFRHT as a function of the thickness of D-Si &, and Ge {4 in the (a) two-input model; (b) three-input model; (c) four-input model. (d) NFRHT as a function of the thick-
ness of D-Si t, and the doping concentration of D-Si Ds; in the five-input model. The blue circle and red pentacle indicate the maximum NFRHT given by the rigorous scattering

method and GA.
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FIG. 5. Transmission coefficient contours &(w, 3) of the deterministic optimum for the (a) three-input model; (b) four-input model; (c) five-input model. Corresponding spectral

heat flux and Planck oscillator energy are shown in (d).

values of input variables for the optimal output. Due to the high effi-
ciency of inference for ANNs, the whole optimization process is taken
no more than 1 min, and the corresponding results are shown in Table
I11. To verify the reasonability of results, we calculate the dependence
of NFRHT as a function of design parameters using the rigorous scat-
tering method and compare the optimal value with that given by GA.
Physically speaking, we only need to look for the optimal ¢, 4, and
Dy;, because it is obvious to enhance the NFRHT by decreasing vac-
uum gap distances and improving the temperature difference between
the emitter and receiver, so as to intensify the evanescent and propa-
gating waves. For the two-input, three-input, and four-input model,
NFRHT as a function of the thickness of D-Si t,, and Ge t4 are shown
in Figs. 4(a)-4(c), respectively. For the five-input model, considering
the optimal value for #4 in all models (two-input, three-input, four-
input, and five-input) is 10 nm, and the NFRHT as a function of ¢,
and Dy is only shown in Fig. 4(d). Optimal values obtained by scatter-
ing methods and GA are represented by blue circle and red pentacle,
respectively. The results show that values determined by GA align well

Appl. Phys. Lett. 121, 071101 (2022); doi: 10.1063/5.0103363
Published under an exclusive license by AIP Publishing

with that determined by the rigorous scattering method in Figs.
4(a)-4(d). For the two-input and three-input model, the optimal
region for NFRHT corresponds to the lower bound of #, and t4 in
Table I, which can be attributed to the well excitation of wideband
hyperbolic modes.”” For the four-input and five-input model,
inversely, optimal values for t; correspond to the upper bound in
Table I. Although there exists a difference in Fig. 4(c), we find that the
heat flux saturates and reaches nearly a constant when ¢, is larger
than 100 nm. This is because the whole system can be approximated
as the NFRHT between two semi-infinite plates made of silicon with
the gap distance equals to 20 nm, given that the dielectric function of
Ge is constant. Therefore, the optimization results of the four-input
and five-input model for 100 < = t,,, < = 500 are reasonable.

To elucidate the underlying mechanism for the change of optimal
tm value, contour plots are generated in Figs. 5(a) and 5(b) for three
and four input cases to show the dependence of the transmission coef-
ficient ¢ (equals to ¢, + ;) on the lateral wave vector f and angular
frequency w. Figure 5(b) shows that £ of the four-input model has

121, 071101-5

01:€0:8} ¥20Z dunr €0


https://scitation.org/journal/apl

Applied Physics Letters

TABLE IV. Estimated time of the proposed workflow for the design of multilayered
metamaterials.

Process Accurate calculation Model training GA optimization

cost 3.4h/1000 points ~10 min ~30s

ARTICLE scitation.org/journal/apl

TABLE V. Range of considered variables for nanoparticles.

Parameter” T, T, dpar R, Ry
Lower bound 200 200 10 100 10
Upper bound 1000 1000 200 200 50

much larger contribution around 2.5 x 10'* rad/s mainly caused by
the excitation of surface plasmon polaritons (SPPs) at the Si-vacuum
interface, demonstrated by the SPP dispersion
kspp = w/cm/ 3D—Si/(1 + ED—Si)' At the same time, Fig. 5(d) shows
that the Planck oscillator energy in high angular frequency will be acti-
vated at 400 K. Therefore, it will have a good match with the SPPs, and
subsequently, a significant increase in spectral heat transfer in the high
frequency band will occur, shown in Fig. 5(d). For the five-input
model, we find that a lower dope concentration will lead to a higher
value of the D-Si dielectric function’s real part. This means that the
ML algorithm can adjust its resonant frequency of the excited mode
when the doping of silicon is further listed as the objective for optimi-
zation. The results show that GA accurately align its resonant
frequency to region for high ®(w, T') value, which gives rise to the
larger enhancement of NFRHT, shown in Figs. 5(c) and 5(d). Above
analysis verifies the correctness of deterministic optimum determined
by the ANN and GA. It fully demonstrates the great potential of ML
methods in the modeling and optimal design of NFRHT.

To illustrate the efficiency of our proposed ML method, the
estimated time of each part in Fig. 1 for the design of multilayered meta-
materials is listed in Table TV. In our workstation (Xeon E5-2697 v4),
the consumed time for calculating 1000 points based on scattering
methods is 3.4h. Because we apply the second-order optimization
algorithm, the rate of convergence for training the ANN model is very
fast, and the consumed time is less than 10 min. After building the sur-
rogate model, it only takes 30 s for GA to find the optimal design. In
comparison, parametric analysis methods based on the rigorous

Forward Scenario

T,

“Units for T and T, are Kelvin (K). Units for dy,r, R,, and Ry, are nanometer (nm).

scattering method are time consuming. For example, 2500 points are
calculated to draw the 50 x 50 contour plot in Fig. 4 with only consid-
ering two variables. When considering five variables, conventional
methods will take huge computational cost and are nearly impossible.
We also need to mention that the training process is not fully opti-
mized. There is still space to improve the speed and accuracy.

In order to verify the applicability of our proposed workflow in
different structures and issues, another important categories in the
near-field regime, viz.,, NFRHT and rectification ratio between nano-
particles, are further considered. In this paper, we consider the config-
uration of two nanospheres made of the same polytype of 3C-SiC.”’
The accurate NFRHT between two spheres can be derived by using
dyadic Green’s functions (DGFs) and the fluctuation-dissipation
theorem, which is described in detail in Ref. 30. The performance of
rectifiers can be characterized by the thermal rectification ratio as

Q — Q
Q
where Q; and Q;, are the net heat fluxes in the forward and reverse
scenarios, respectively. As shown in Fig. 6, for the forward scenario,
3C-SiC with radius R, is the emitter at the temperature of T}, and the
receiver 3 C-SiC is maintained at T5. For the reverse scenario, tempera-
tures of two spheres are switched, and the reverse NFRHT is Q;. Gap
distances for both scenarios are d,.
Here, we only discuss the most complex condition, five-input model.
The range of considered variables for sampling is shown in Table V.

4

Riatio =

Reverse Scenario

Rratio=QfI Qr -1

FIG. 6. Schematic diagram of NFRHT and thermal rectification between two nanospheres made of 3 C-SiC separated by a vacuum gap dpsr. Rs and R, represent the radius of
sphere a and sphere b. Ty and T, are set as the temperature of the emitter and receiver, respectively.
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TABLE VI. Optimization results of trained ANN models for radiative heat flow and rectification ratio between nanoparticles.

Category” T, T, dpar R, Ry QaNN Qqr Error
Radiative heat flow 1000 506 10 200 50 27.96 27.81 0.5%
Rectification ratio 696 200 27.5 200 10 8.48 8.44 0.391%

*Units for Qann, Qgr are nW.

Training details of ANNs are in the supplementary material.
Deterministic parameters for the largest NFRHT and rectification ratio
are shown in Table VI. We can see that trained ANNs are accurate
enough for predicting the value of deterministic optimum of nanopar-
ticles and errors between predicted values, and accurate ones are no
more than 1%. The deterministic parameters align well with results in
Ref. 50, which did more parametric analysis and calculations. This also
demonstrates that the proposed workflow has great advantages in
terms of the applicability in different issues and huge computational
reduction.

To summary, by utilizing two mainstream ML algorithms, viz.,
ANN and GA, we reported a systematic workflow for modeling and
optimal design of NFRHT. Through applying it to representative sce-
narios, including NFRHT between multilayer metamaterials, NFRHT,
and thermal rectification between nanoparticles, we fully demonstrate
its huge computational reduction and wide applicability in different
NFRHT research works. These advantages are believed to have great
potential in the future scientific research and industrial production.
Next, better sampling methods and more advanced machine learning
algorithms, such as convolutional/recurrent/graph neural networks in
NFRHT, can be further explored. Spectral radiative heat transfer of
arbitrary structures and materials is expected for modeling so as to bet-
ter conduct the inverse design of the system.

See the supplementary material for detailed introduction of the
ML strategy and training process of ANNs.
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