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Abstract
Near-field effect can greatly enhance the radiative heat transfer, by taking advantage of
surface resonances. In this paper, we present a numerical approach to use coupled-mode
theory for the analysis of near-field radiation. We show that by matching the resonant modes
on two objects, the near-field radiation can be maximized. The principle can be applied
to the designing of different thermal radiation devices, such as thermophotovoltaic (TPV),
thermoradiative (TR), and negative electroluminescent (EL) cooling devices.
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Abstract—Near-field effect can greatly enhance the radiative
heat transfer, by taking advantage of surface resonances. In this
paper, we present a numerical approach to use coupled-mode
theory for the analysis of near-field radiation. We show that
by matching the resonant modes on two objects, the near-field
radiation can be maximized. The principle can be applied to
the designing of different thermal radiation devices, such as
thermophotovoltaic (TPV), thermoradiative (TR), and negative
electroluminescent (EL) cooling devices.
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Near-field radiation is an important heat transfer mechanism
that has great potential in many applications, including thermal
imaging, sensing, energy conversion in thermophotovoltaic
(TPV) and thermoradiative (TR) systems, and cooling
applications with negative electroluminescent (EL) cooling
devices [!]. The radiative energy transfer between two objects
are the enabling physical mechanism for all devices list above.
Therefore it is desirable to calculate the radiative transfer
precisely and find ways to maximize it. In the following we
illustrate our development of numerical calculations based on
coupled-mode analysis with a TPV system.

A TPV system converts heat into electricity through thermal
radiation [2], and consists of a thermal emitter and a
semiconductor photovoltaic (PV) cell. A heat source keeps
the thermal emitter at a high temperature, and generates
thermal radiation, which is then absorbed by the PV cell
with bandgap energy F, = hw, [3]. Photons with energy
lower than E, cannot generate conducting electrons and are
unusable; photons with energy much higher than E, can
generate electron-hole pairs, but the additional energy higher
than E; contributes to thermal loss and is wasted. However,
for a far-field based system the emission power is limited
by the blackbody radiation, and the emissivity cannot exceed
unity at any given frequency. Therefore, the emission power
from the emitter would be infinitesimally small assuming
a monochromatic radiation spectrum. On the other hand,
the near-field based radiative heat transfer can exceed the
blackbody limit due to the contributions from evanescent
modes [4], especially when resonant modes are supported by
the emitter and/or absorber. The analysis of resonant modes is
critical for near-field radiation based system.

TPV system [6]. Optimal designs with impedance matching

Conventionally, radiative heat transfer between an emitter
and an absorber is quantified using dyadic Green function
and the fluctuation-dissipation theorem [4]. The approach
is rigorous, but the resulting expressions are complicated
and not straighforward to analyze. Recently, coupled-mode
theory (CMT) has been developed for emitters supporting
resonant modes [5], and radiative heat transfer in a near-field

principal for different material systems have also been
investigated [7]. So far the CMT is limited to the mode
analysis of the TPV system. The important performance
parameters of the system, including emissivity, radiation
power and output electric power are still calculated with
dyadic Green function and the fluctuation-dissipation theorem.
And the proposed systems are limited to planar layered
configurations. For periodically structured surfaces, effective
medium approach is typically used to approximate the
structures as a medium with flat surface with effective material
properties. It was shown recently that this method fails to
predict the near-field radiative transfer behavior due to certain
geometry-induced resonant modes.

In this paper, we represent the calculation of all performance
parameters of a near-field thermal radiation device including
transmissivity, radiation power, and the electric power. For a
near-field TPV device, the efficiency based on resonant modes
supported by the system can also be calculated accordingly.
Furthermore, we expand the calculation to systems with
periodic nanostructures supporting additional resonant modes.
We show that these modes are captured using coupled-mode
method, and can bring the resonant peak closer to the bandgap
energy I, of a typical TPV cell, therefore increasing the
radiative heat transfer rate, and the output electric power.
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