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Abstract

Near-field radiative heat transfer can exceed the blackbody limit, and this property has
been explored toward energy transfer and conversion applications, such as thermophtovoltaic
(TPV) devices, radiative cooling devices, and thermoradiative (TR) devices. The coupling
of resonant modes between two surfaces is important in near-field heat transfer and near-
field TPV and TR systems. It was shown that the coupling of resonant modes enhances
the transmissivity between two coupled objects, which further determines the radiative heat
transfer and energy conversion. Surface plasmon polaritons (SPPs), which are surface reso-
nances existing on metal surfaces, are commonly used for such systems. While the frequency
of SPP resonance is fixed for a planar emitter, a nanostructured emitter supports additional
resonances such as SPP or cavity modes with lower frequencies that are closer to the bandgap
energy of a typical PV cell. We show that the nanostrctured designs significantly improves
the near-field radiative power transfer, and electric power output for a TR system.
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ABSTRACT

Near-field radiative heat transfer can exceed the blackbody limit, and this property has been explored toward
energy transfer and conversion applications, such as thermophtovoltaic (TPV) devices, radiative cooling devices,
and thermoradiative (TR) devices. The coupling of resonant modes between two surfaces is important in near-
field heat transfer and near-field TPV and TR systems. It was shown that the coupling of resonant modes
enhances the transmissivity between two coupled objects, which further determines the radiative heat transfer
and energy conversion. Surface plasmon polaritons (SPPs), which are surface resonances existing on metal
surfaces, are commonly used for such systems. While the frequency of SPP resonance is fixed for a planar emitter,
a nanostructured emitter supports additional resonances such as SPP or cavity modes with lower frequencies
that are closer to the bandgap energy of a typical PV cell. We show that the nanostrctured designs significantly
improves the near-field radiative power transfer, and electric power output for a TR system.

1. INTRODUCTION

Near-field radiation is an important heat transfer mechanism that has great potential in many applications,
including thermal imaging, sensing, radiative cooling, and energy conversion in thermophotovoltaic (TPV) sys-
tems.'3 A TPV system converts heat into electricity through thermal radiation,* '! and consists of a thermal
emitter and a semiconductor photovoltaic (PV) cell. A heat source keeps the thermal emitter at a high tempera-
ture, and generates thermal radiation, which is then absorbed by the PV cell with bandgap energy E, = hw,.%®
Assuming all photons with energy larger than F, absorbed by the PV cell generates an electron-hole pair, Carnot
efficiency limit can only be reached with monochromatic radiation from the emitter that is matched to E'g.4’5
However, for a far-field based TPV 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.'?>'® In
particular, when resonant modes are supported by the emitter and/or absorber, and the separation between the
emitter and absorber is a fraction of the wavelength determined by the resonant modes, the absorption spectrum
has strong peaks at resonant energies with intensity a few orders exceeding the blackbody limit.!? 6 Near-field
based TPV systems have been proposed for improving the power density and efficiency by utilizing resonant
modes such as surface phonon polaritons and surface plasmon polaritons (SPPs).17 23

Recently, thermoradiative (TR) cells have been proposed as heat engines to convert heat into electricity.?4 27

The simplest form of a TR cell consists of a p-n junction that is heated to a higher temperature T, than ambient
T,. In Ref.,?* the working principle of the TR cell was proposed, and the fundamental limit of its power
conversion efficiency was analyzed using the Shockley-Queisser framework. The concept was demonstrated with
experiments,?% although the realized efficiency was low. Similar to a TPV system, with resonant coupling in the
near-field, the radiation can go beyond the blackbody limit, and all the radiation power can be concentrated into
a narrow bandwidth around the resonance.?® Based on this understanding, in Ref.,?” a heat sink was placed in
close vicinity of the TR cell. It was shown that by near-field coupling of the photons generated from the TR cell
to the phonon polariton mode that is supported on the surface of the heat sink (whose dispersion is described by
a Lorentz model), both the conversion efficiency and the generated power density can be greatly enhanced when
the resonance is very close to the bandgap energy of the TR cell. In Ref.,?? the near-field enhancement effect
of TR cells was further explored, and it was shown that a metallic material, whose dispersion is described by
a Drude model and supports surface plasmon polaritons (SPPs), is also good candidate for heat sink, and can
have even more significant output power density enhancement effect as compared with Lorentz type materials.



An added advantage with metals as heat sink is their typically larger thermal conductivities compared with
insulators. The faster heat dissipation makes it easier to maintain a temperature close to the ambient. To use
TR cell based devices to harvest low-grade waste heat with temperature of 1000 K or lower, the preferred band
gap energy of TR cell is 0.3 eV or lower.?* In order for the near-field resonant coupling to work, the resonant
mode needs to have an energy slightly above the band gap energy of the cell. However, typical noble metals have
surface plasmon resonance with much higher energy.3°

This huge difference can be compensated by adding nanostructures on the heat sink. In particular, we show
that periodic grating structure introduces additional surface resonance modes with energies much lower than SPP
modes, and are much closer to the band gap energy of the TR cell. Depending on the material and geometrical
parameters of the grating, different resonant modes can be utilized, such as localized SPPs, waveguide modes,
and spoof polaritons.?! We show with calculation that enhanced power generation can be achieved from TR
devices with nanostructured heat sink.

2. TPV AND TR DEVICES

For a semiconductor diode at temperature T, exchanging energy via radiation of photons with a thermal reservoir
(either a heat source or a heat sink) at temperature T,, the photon emission and absorption is due to to
transitions across the band gap and is associated with electron-hole (e-h) pair recombination and generation,
respectively.* 2429 When T, = T,, the emitted photon flux from the cell is the same as the photon flux absorbed
by it, and the e-h population is in equilibrium determined by 7., meaning no current can be generated when
an external load is connected to the cell. When T, # T, there will be an imbalance in photon emission and
absorption, therefore a splitting of quasi-Fermi levels, Ap, of electrons and holes.

In the case of TR cell, T, > T, the emitted photon flux is larger than the absorbed photon flux, and the e-h
population becomes smaller than the equillibrium at T,.. As a result, the cell tends to get back to the equillibrium
by generating e-h pairs via all possible channels. Because of this tendency, when connected to an external load,
the cell will transfer electrons in the valence band to conduction band through the load, effectively generating
an electric current. In comparison, a PV cell has T. < T,, absorbs more photons than emitted, and accumulates
more e-h pairs than the equilibrium state, therefore has a tendency to recombine through all possible channels.
When connected to an external load, the PV cell transfers electron in the conduction band to valence band
through the load, effectively generating a current flow in an opposite direction as the current generated by a TR
cell.

More detailed description and analysis of the physical picture, as well as the mathematical model of the TR
cell were given in previous papers.2*2° The generated current density is given by the elementary charge q(> 0)
times the net flux of photons absorbed by the cell N(T,, Au; T,).
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where O(w; T, 1) = exp[(hwiul) UTYAES] is the generalized Planck distribution of photons at the frequency w, at

a temperature 7' and a chemical potential y, with kp the Boltzmann constant. e.,(w) is the transmissivity
between the cell and a heat sink. The generated voltage is V' = A /q. Therefore the output power density to
the load can be calculated as Pj(Au) = VI(Ap) = Ap - N(Te, Ap; Ty,).

Similarly, the net radiation power absorbed by the cell is calculated, and the

PuTo, A T,) = /Ooo ;L:nw (@) [O(w; T, 0) — O(w; To, Ap)] (2)

Note that both the net flux of photons N and the radiation P, to the cell are negative, since more photons are
emitted. Hence the efficiency of the TR cell, calculated by nrr = P,/(P, — P.) is always smaller than one.

From the above analysis and equations 1 and 2, we can see that with given thermodynamic parameters

(temperatures T, and T,, and chemical potential Apu), the performance of a TR cell depends only on the

transmittivity, which is defined as e.q(w) = 2 X (2# [ ec,a(w, K)d?K, where K is the in-plane wavevector.



The transmissivity depends on the optical properties of materials and the gemoetrical parameters rather than
thermodynamic parameters. When the two objects are far away, only propagating wavevector components
|K| =k < w/c contribute to the transmissivity, and the upper bound of radiation power is blackbody limit.

3. NEAR-FIELD ENHANCED DEVICES

When the distance between the two objects is smaller than the photon wavelength, evanescent wavevector com-
ponents also contributes to the transmissivity due to photon tunneling.'> Furthermore, when surface resonances
are supported in the system, strong resonant coupling in the near-field can reshape the radiation spectrum,
and enhance the transmissivity by several orders at frequencies close to the resonances.'>'® Based on this
principle, near-field radiative heat transfer has been widely studied and applied to near-field TPV system de-
signs,1721:23,28,32 and recently to TR device designs.?”>2?

For a given material, the dispersion of its dielectric function, which determines the surface resonant mode,
is an intrinsic property. Insulating materials with dielectric function described by a Lorentz model support
surface phonon polaritons; metallic materials with dielectric function described by a Drude model support
surface plamson polaritons. In order to maximize the radiative transfer, the resonant mode needs to be close
to the bandgap frequency w,. However, the surface resonant frequencies of natural materials, especially the
SPP mode frequency supported by metallic materials, are often much higher than the small w, of cells used for
thermoradiative power conversion.

We show that nanostructured materials can support additional surface resonances that are closer to wy, and,
when placed close to the TR cell, can enhance the near-field coupling and the radiative transfer. Therefore the
energy conversion can be done more rapidly, and higher power density can be achieved with the same TR cell.

For the following calculations, we use a TR cell with bandgap energy £, = 0.3 eV, which corresponds to
the bandgap of InAs.?3 The dielectric function of the TR cell is governed by the direct valence-to-conduction
interband transition,?*3° and is described by €cep(w) = €.(w) + d€;(w). For metallic heat sink, the dielectric

2

function is approximated by the Drude model: €, = 1 — where w, is the plama frequency, v is the

w,
e’
damping rate, and the surface resonant frequency is given by wo = w,/ V2. The parameters will be given in the
following calculations for each configuration.

The transmissivity and radiative transfer of a TPV or TR system (as shown in Fig. 1) involves grating
structures can be calculated based on the scattering theory®®37 in combination with the rigorous coupled-wave
analysis (RCWA) method.?® 3% Assume the structure is periodic along x-direction with peridicity p, infinitely
long in y-direction, and the TR cell and the grating has a distance d in z-direction, the frequency-dependent
transmissivity &.,(w) is obtained by integrating wavevector-dependent components ., (w, ky, k) over wavevec-
tors in the x-direction (k) and y-direction (k,), with the integration limit on k, restricted to the first Brillouin
zone due to the periodicity.
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The wavevector-dependent transmissivity components e. o (w, ks, ky) can be formulated with scattering theory,
and the required scattering matrix between the TR cell and the heat sink is obtained via RCWA calculation.?® 39
For the transmissivity calculation, the process is the same for TPV and TR systems since temperature is not
involved in the optical analysis.

4. RESULTS AND DISCUSSION

We consider a near-field coupled TR system with a metallic heat sink. ZrC has a surface plasmon resonance
frequency wy at 0.6 eV,?%40 which is about 2 times of the frequency corresponding to the bangap w,. We first
consider a planar system with a gap of d = 10 nm between the TR cell and the ZrC heat sink, as shown in
Fig. 1(a). The transmissivity spectrum is calculated and plotted as the blue curve in Fig. 2(a). As expected,
a sharp peak is observed at 2 times of w,. As a reference, the transmissivity of the TR cell to a blackbody
is plotted as the dashed black curve in the same figure. It is seen that in the frequency band of interest, the
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Figure 1. Structures of near-field TPV device (a) with planar thermal emitter, and (b) with periodically structured thermal
emitter. Structures of near-field TR device (c¢) with planar heat sink, and (d) with periodically structured heat sink.

transmissivity due to the near-field coupling to the planar heat sink can indeed exceed the transmissivity to an
ideal blackbody. Then we calculate the transmissivity when a grating structure is added to the surface of the
heat sink, as shown in Fig. 1(b). The geometrical parameters for the gratings are h = 60 nm, w = 30 nm, and
p = 60 nm. The result is shown in the red curve in Fig. 2(a), where multiple resonance peaks are observed. Due
to the periodicity, the SPP mode on the metal surface is truncated and folded into multiple bands within the
Brillouin zone, and the peaks in the transmissivity spectrum correspond to different order of modes. This can
be verified with mode profiles, which are obtained from COMSOL eigenmode solver, and shown in Fig. 2 with
three different resonant modes.

Next we calculate the generated power density and efficiency of the TR cell based on equations 1 and 2.
When the temperature of the TR cell is at T, = 1000 K, and the heat sink is maintained at T, = 300 K, the
power density and efficiency of systems with a blackbody heat sink, the near-field coupled planar heat sink, and
the near-field coupled grating heat sink are plotted in Fig. 3(a) and (b). For the planar case, the maximum
power density is 3.07 x 10* W/m? grating heat sink, the maximum power density is 5.68 x 10* W/m?2, 26.5 times
higher than the blackbody heat sink, and 1.8 times higher than the planar heat sink. The maximum achievable
efficiency is all above 60%, which is close to the Carnot efficiency of 70% (calculated by [1—T,/T.]). As mentioned
by previous analysis,?*2? the chemical potential for maximum power density and maximum efficiency are very
different. As we can see from the figure, the power output at maximum efficiency point is very little. So the
maximum power density is a better merit to evaluate the performance of the TR cell. When the temperature of
the TR cell is at a lower T, = 500 K, while the heat sink is still maintained at T, = 300 K, the power density
and efficiency are calculated similarly and plotted in Fig. 3(c) and (d). The peak efficiency is again close to the
Carnot efficiency, which is now 40%. The peak generated power density is 13.0, 80.8, and 258.7 W/m?, for the
case of blackbody, planar, and grating heat sink, respectively. Due to the much lower source temperature, the
generated power density is two orders lower than the system at T, = 1000 K. However, the near-field coupled
heat sink with grating has a more significant enhancement of output power density, at 3.2 times higher than the
planar structure.

Note that in the above calculation, we assumed the TR cell to be ideal, where radiative energy can only be
extracted from electron-hole pair generation. Non-radiative loss mechanisms, such as Auger and surface defect
processes, were not included in the model. On the one hand, including the loss terms will reduce the expected
output power; on the other hand, these processes have similar impact on the systems operating at the same
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Figure 2. (a) Calculated transmissivity as a function of frequency for three systems: TR cell with ideal blackbody heat
sink, TR cell coupled with planar metallic heat sink, TR cell coupled with metallic grating heat sink. The metal is ZrC,
with properties and grating geometries described in the main text. (b), (c), and (d) are magnetic field distribution of
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Figure 3. The calculated (a) power density and (b) efficiency for the three systems corresponds to Fig. 2 when the cell is
at T. = 1000 K, and the heat sink is at 7, = 300 K. The (c) power density and (d) efficiency for the three systems are

also shown when the cell is at 7. = 500 K, and the heat sink is at T, = 300 K.



temperature, regardless of the heat sink design. Therefore although the absolute numbers of power density will
be smaller, the ratio of output power between different heat sink designs will be about the same.?”

5. CONCLUSIONS

In conclusion, we examined how the nanostructure on the heat sink can increase the TR performance. The
performance of the TR can be greatly enhanced with near-field coupling, which occurs by placing a heat sink
in close proximity with the cell. Heat sinks supporting surface resonant modes that are close in energy to the
bandgap energy of the TR cell are able to boost the radiative transfer of photons and eventually the electric
power generation. Metals are good candidates for heat sink of a TR device. However, most metallic materials
have surface resonant frequencies much higher in energy than the TR cell bandgap. The mismatch can be
addressed with nanostructured surfaces. We show that grating structures support additional surface modes such
as truncated surface plasmons and cavity modes depending on the material and geometry. With these tools, we
are able to overcome the mismatch in energy of surface resonance and the TR cell bandgap, and design TPV
and TR devices for better heat dissipation and enhanced power generation.
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