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Abstract:

The enhancement of near-field radiative heat transfer (NFRHT) has now become one of the research hotspots in the fields of thermal
management and imaging due to its ability to improve the performance of near-field thermoelectric devices and near-field imaging
systems. In this paper, we design three structures (multilayer structure, nanoporous structure, and nanorod structure) based on
high-entropy alloys to realize the enhancement of NFRHT. By combining stochastic electrodynamics and Maxwell-Garnett's
description of the effective medium, we calculate the radiative heat transfer under different parameters and find that the nanoporous
structure has the largest enhancement effect on NFRHT. The near-field heat transfer factor (q) of this structure (q = 1.40<10° W/
(m? K)) is three times higher than that of the plane structure (q = 4.6108 W/ (m? K)), and about two orders of magnitude higher than
that of the SiO, plate. This result provides a fresh idea for the enhancement of NFRHT and will promote the application of
high-entropy alloy materials in near-field heat radiation.
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1 Introduction

Near-field radiative heat transfer (NFRHT) has
become a hot topic in the fields of thermoptoelectronics
%1 energy harvesting ©®, sensing % and thermal
management ™™ \When the distance between two
objects is at the nanometer level, the NFRHT can break
the limit of Planck's law due to the coupling of photon
tunneling and evanescent waves. This may be several
orders of magnitude larger than the far-field heat transfer
between two black bodies. To date, NFRHT has been
studied in some isotropic and anisotropic materials. For
isotropic materials, e. g., graphene, doped silicon, and
gold, structures such as nanowires, nanopores, multilayer
membranes, and 1D gratings have been designed to
obtain a higher heat flow ™?1. Graphene plasmons can
couple evanescent waves in a near-field resonance,
thereby enhancing the radiative heat flux through the
nanoscale vacuum gap. Van Zwol et al. ™! demonstrated
that the NFRHT between SiO, microspheres and the
substrate was significantly increased by a single layer or
several layers of graphene lying on the SiC substrate. Liu
et al. ™ found that both doped silicon nanowires and
nanopores can achieve an order of magnitude
enhancement than bulk-doped silicon. Guerot et al. ?!
predicted that the heat transfer between two gold gratings
was increased by an order of magnitude more than that

between two gold substrates. For anisotropic materials,
the natural hyperbolic hexagonal boron nitride (hBN) has
been mainly studied %41 which can support multiple
orders of phonon-polaritonic waveguide modes in its two
infrared bands. Surface plasmons in graphene can couple
with the phonon polaritons in hBN films to form hybrid
polaritons that greatly enhance photon tunneling and then
enhance the NFRHT. Zhao et al. @ found that
monolayer graphene on hBN films is more than twice as
heterogeneous as graphene monolayer or hBN films. Shi
et al. ! demonstrated that a multilayered structure
consisting of five or more graphene-hBN units has a
thermal flux four orders of magnitude larger than the
black body.

Recently, we have studied the thermal radiation
based on high-entropy alloys and found a broadband and
wide-temperature-range thermal emission effect of
high-entropy alloys 1. This result predicts the
possibility of applying high-entropy alloys to the field of
NFRHT. In this paper, we combine hyperbolic materials
hBN and high-entropy alloys to form multilayer
metasurface structure and use high-entropy alloys to
form nanoporous and nanorod structures. By changing
the different parameters of the structure and materials,
the optimal structure that maximizes the NFRHT
efficiency is obtained. It is found that the nanoporous
structure has the largest enhancement effect on NFRHT.
The near-field heat transfer ability of this structure is two
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orders of magnitude higher than the heat transfer rate of
the SiO, plate under the same conditions.

2 Experiment

NiCrCuFeSi (referred to as NCCFS) high-entropy
alloy is selected as the object to study NFRHT. To make
the high-entropy alloy have better and more meaningful
characteristics, we choose to use the nitrided NCCFS
alloy (referred to as (NCCFS) N) for research and
analysis %1 The nitrogen content is determined by the
nitrogen flow rate x.
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Figure 1 Schematic diagram of three structures based
on the high-entropy alloys. (a) Multilayer structure. (b)
Nanoporous structure. (¢) Nanorod structure

We simulated the heat transfer factor under the
optimal structure to explore the actual enhancement of
NFRHT between parallel structures. Our first structure
uses (NCCFS)N and hyperbolic hexagonal boron nitride
(hBN) as materials to design a multilayer structure, as
shown in Figure 1(a). Two flat plates are semi-infinite
media, and d is the distance between two parallel plates.
The thickness of the metal layer (NCCFS) N is expressed
as d,, and the thickness of the medium layer hBN is
expressed as dy. The dielectric function has a general

expression in theory #'1:
2
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where ® is the frequency of the incident

electromagnetic wave, o, ; the plasma frequency, w,; the

response frequency, y; the damping coefficient. The

dielectric function model in this study is mainly the

Drude model @ applicable to metal materials. Its motion
equation is:

mX + myX = -eE exp(—iwt) ()

where m is the electron mass and e is the charge and
electric quantity. The real part (¢;) and the imaginary part
(g,) of the dielectric function can be deduced from the

equation **!. The expressions are:
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In this paper, the real part and imaginary part of the
dielectric function of (NCCFS) N high-entropy alloy at
different nitrogen concentrations are from Ref. 2% For
multilayer parallel structures formed by alternate

2

combination, s=g,=¢!, &= &, its dielectric function

formula is as follows !:
1 gndn +ghdh
- dndh (4&)
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Our other two structures are the alternative

combination of high-entropy alloy and air to form

nanoporous or nanorod structures, as shown in Figure

1(b) and 1(c). In Maxwell — Garnett theory, the effective

properties of composite media are obtained by taking one

component of the composite as the substrate and

embedding all other components into the substrate as

filler materials. The materials do not contact each other.

The relationship between dielectric functions in different

directions and material parameters under nanoporous

structure is as follows:

(4b)
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From the above formula, it can be deduced that the
dielectric function expressions of the electric field
parallel to the optical axis and perpendicular to the
optical axis in the nanoporous structure are respectively:
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where f; refers to the volume filling rate of the
nanoporous structure, which is equivalent to a
controllable constant in the program, e, the dielectric
function of the high entropy alloy, ¢, the dielectric
constant of air, ¢, the dielectric function of the electric
field along the optical axis. Because it is equivalent to
the weighted average of the dielectric functions of
(NCCFS) N film and air, it is essentially determined by a
weakened Drude model.

For the nanorod structure, it is equivalent to the
opposite of the nanoporous structure, that is, the columnar
filling of the high-entropy alloy is carried out with air as the
substrate. The dielectric function formula of nanorod
structure is €, and &, after the position is changed, the filling
ratio f; is the reciprocal of f;. Biehs et al. calculated the heat
transfer factor (q) between two anisotropic planar media
separated by the true space gap d at the temperature T %,
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where the &(w,B,p) is the energy transmission
coefficient. The heat transfer factor can directly reflect
the efficiency of heat transfer. This paper discusses the
enhancement of NFRHT by calculating the heat
transfer factor.
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3 Results and discussion

A. Enhancement of NFRHT by multilayer structure

The simulated result of the multilayer structure is
shown in Figure 2(a). The value of q can be tuned by the
distance between parallel plates (d) and the thickness
ratio between (NCCFS)N film and Hbn (d./d,). As
shown in Figure 2(a), the value of q increases with the
decrease of d and will have a sharp increase when d <
30 nm. When changing the d,/d;, the value of g no longer
varies monotonically as d./d,, changes. It’s going to peak
at a certain value of d./d,. The maximum value of q is
3.84x10° W/ (m? K) at d./d,= 0.1 when d = 30 nm. This
result is 17.8% higher than that of a single Hbn film (q =
3.26x10° W/ (m? K)). We further investigate the nitrogen
content (x) effect on g. As shown in Figure 2(b), with the
increase of x, the value of g shows a trend of increasing
first and then decreasing. When x = 1.0 sccm, the value
of q reaches a peak of 4.64 x10%W/ (m? K), which is 1.4
times higher than that of a single Hbn film.
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Figure 2 (a) g value of multilayer structure under
different conditions. (b) The effect of nitrogen flow x on
g under the condition of d = 10 nmand d./d, = 0.1

B.Enhancement of NFRHT by nanoporous structure

To further increase the near-field heat transfer
performance of high-entropy alloys, we designed the
metastructure of the nanoporous structure. As shown in
the inset of Figure 3, nanoporous (NCCFS)N materials
are designed and the dimension scale of the nanoporous
structure is defined by the volume filling ratio of air (f; =
Vil Vincersn). The simulated values of g under different
f, are shown in Figure3. When the distance (d) between
the two nanoporous structures (as shown in Figure 1(b))
is fixed, the value of q increases gradually with the
increase of f; and it reached 1.40 < 10°W/(m? K) at f, =
0.9. This result is about 20 times that of f; = 0 and is 2
orders of magnitude higher than the heat transfer rate of
the SiO, plate under the same conditions. This may be
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due to the additional surface waves in the nanoporous
structure generating supplementary heat transfer
channels in the entire gap.
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Figure 3 Distance between the two nanoporous
structures (d) dependence of g under different f,

C.Enhancement of NFRHT by nanorod structure

We also design the nanorod structure based on the
(NCCFS)N high-entropy alloys and the dimension scale
of the nanorod structure is defined by the volume filling
ratio of the (NCCFS)N high-entropy alloys (as shown in
the inset of Figure4). The simulated values of g under
different f, are shown in Figure4. At the certain d value,
the heat transfer factor of the nanorod structure decreases
with the increase of f,. The maximum value of q is
7.70<10°W/ (m? K) at f, = 0.1 and d= 10 nm and this
value of g is about 11 times that of f, = 1.
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Figure 4 Distance between the two nanorod structures
(d) dependence of q under different f;,

4 Conclusion

In summary, we calculated the heat transfer factors
of multilayer structure, nanoporous, and nanorod
structures designed based on (NCCFS) N high-entropy
alloys under different parameters. The simulation results
show that these three types of structures can effectively
enhance near-field heat radiation. From the comparison
of three structures and different material parameters, the
nanoporous structure is the optimal structure for
near-field heat transfer enhancement. The maximum g
value is taken when d = 10 nm, f; = 0.9, and g =
1.40%10°W/ (m? K), which is about 20 times that of f, =
0 and is 2 orders of magnitude higher than the heat
transfer rate of the SiO, plate under the same conditions.
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This may be due to the existence of additional surface
waves in the nanoporous structure, which generates
supplementary heat transfer channels in the entire gap.
Our result will promote the application of high-entropy
alloys in energy collection and thermal management.
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