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ABSTRACT: Thermoradiative (TR) cells operate by harnessing the

PTR ~ PSoIar panel

outgoing thermal radiation from Earth to outer space to extract work. OU_.e,S,,;,c; @K 200 B =TRownts o, 40
Despite recent advancements in nighttime power generators, TR [ _— .
technology faces challenges with low output power and efficiency, falling LR § 100 oM 20 S
far less than its theoretical limits. In this letter, we investigate the key = A g
limiting factors affecting performance metrics. By introducing a near-field Near.Field Couplefill ° ;:R =
atmosphere coupler composed of a polar dielectric absorber and a TR Gall 0 Aol = 20
concentrated thermal emitter with optimized parameters, the maximum Earth (300 K) 150 200 250 30%
output power could be boosted to 180 W/m? with a 20-fold increase in Te (K)

the emission area, approaching the level of solar panels. Additionally, we

explore material selection and integration strategies to showcase the feasibility and challenges of this technology. Our findings
indicate that, analogous to the role of concentrated solar power in the solar power landscape, this technology could herald an
emerging frontier for researchers in the field of renewable energy generation.

KEYWORDS: nighttime electricity generation, concentrated thermoradiative, radiative cooling, near-field radiation, polar dielectric,

surface phonon-polaritons

INTRODUCTION

From a thermodynamic perspective, the earth can be seen as an
isolated system with energy conservation between two
reservoirs: the sun at 5700 K and the deep space at 3 K
Noteworthily, people have developed numerous technologies
that utilize solar power to sustain human society, with silicon-
based solar panels playing a siigniﬁcant role in electrifying the
daily lives of human beings."” According to the first law of
thermodynamics, all absorbed solar power by the Earth should
be emitted as thermal radiation, predominantly in the mid-
infrared spectrum. The atmospheric window’s high transparency
in the range of 8—13 um facilitates significant thermal radiation
from the Earth’s surface to outer space.” Leveraging this
outgoing thermal radiation, a heat engine can extract work from
this heat flow.”™® Given these principles, the foundation of
nighttime power generation is well established and coherent.
Furthermore, harnessing renewable energy during nighttime
complements daytime off-grid energy generation, which
significantly enhances electric-grid stability, helps mitigate
energy cgi_slels, and contributes to the alleviation of global
warming.

Two primary technology pathways for nighttime power
generation are thermoradiative (TR) technology and radiative-
cooling-based energy generators. A TR cell, initially introduced
as an emissive energy harvester by Byrnes,” is capable of directly
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producing electricity through a negative illumination into outer
space during nighttime.'” Through thermal-driven carrier
diffusion processes, a semiconductor pn diode can generate a
positive electric current under a negative applied bias voltage,
effectively counterbalancing the rate between generation and
radiative recombination.'”"” This process ultimately yields net
useful work from the system.'* Several recent works have
experimentally demonstrated this concept,'”'® nonetheless,
with limited output power (~2 mW/m?) and efficiency
(~1%)."° Leveraging decades of research on radiative cool-
ing'’ ™ and recent advancements in daytime subambient
radiative cooling technology,y'_31 radiative cooling thermo-
electric (RC-TE) generators have garnered significant attention
over the past few years.”” " Typically, a thermoelectric
generator is positioned between a local heat source and the
cold reservoir facilitated by radiative cooling. Since this concept
was implemented, the state of the art has reached 100 mW/ m? of
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Figure 1. Performance of a conventional TR cell. (A) The schematic of a conventional TR cell working at nighttime. (B) The energy flow scheme
of a conventional TR cell. Q,, Q,, and P represent the absorbed energy from the earth, the dissipated heat to outer space, and the generated
power from the TR cell, respectively. Unless specified in context, the Earth and TR cell (T,) is assumed to be 300 K, and the temperature of
outer space (T,) is assumed to be 3 K. (C) The maximum power of a TR cell with respect to the bandgap with three different configurations:
blackbody TR cell without atmospheric absorption, blackbody TR cell with atmospheric absorption, and a MCT TR cell with atmospheric
absorption. (D) The current—voltage curve of these three TR configurations. (E) The emissivity of MCT, the transmissivity of the atmosphere,
and the blackbody radiation at 300 K. (F) The maximum efficiency with respect to the bandgap of TR cells. (G) The absorbed energy (Q,) and
dissipated heat (Q.) of the MCT TR cell with respect to the bandgap. The environment temperature is set to 300 K as default unless specified in

the context.

the thermoelectric generator area.”” However, it is important to
note that the theoretical upper limit of a TR cell output power is
orders of magnitude higher than that of a RC-TE device."**
This highlights substantial room for performance enhancements
of TR technology.

The fundamental thermodynamic limit of a single TR cell
could potentially reach up to 48.4 W/m” under the assumption
of blackbody radiation.” However, considering the intrinsic
characteristics of an ideal semiconductor and the realistic
transmissivity of the atmospheric window, the maximum output
power is substantially lower. In a manner akin to the enduring
queries within the solar cell industry, the following questions are
introduced here: what are the key factors that impact the
performance of a TR cell? How can we push this technology to
approach the blackbody limit and even achieve output power
comparable to that of a solar panel? In this letter, we will
systematically address these two questions. First, we perform a
detailed balance analysis to identify all the factors influencing the
performance of a standard HgCdTe (MCT) TR cell. Then, we
propose a novel TR configuration featuring a near-field
atmosphere coupler made of a polar dielectric absorber and a
radiative cooling emitter, which is analogous to a solar near-field
thermophotovoltaic device. Through the implementation of this
design, the nighttime power generator achieves an impressive
output power of 11.0 W/m?, reaching approximately 91% of the
output power generated by a Carnot engine. We further update
the coupler to be a concentrated near-field atmosphere coupler
to potentially boost the output power to 180 W/m? with a 20-
fold increase in the emission area, which approaches the output
power level of a single solar panel. Our theoretical prediction of
concentrated near-field TR devices presents a promising avenue
for nighttime power generation, serving as a parallel approach to

existing renewable energy generation technologies and enrich-
ing the spectrum of carbon neutrality techniques.

RESULTS AND DISCUSSION

Performance Bottlenecks of Conventional TR Cells.
Figure 1A shows the schematic of a conventional TR cell, which
is usually made of a semiconductor diode. The photodiode
would convert the heat absorbed from the earth to build up a
negative bias that facilitates the flow of free charges to drive an
external load within a wired loop. The thermal radiation and
negative illumination due to the negative bias would be confined
or reflected by the interface between the semiconductor and air,
which can potentially hinge the energy flow. In addition, for a
TR cell working on the Earth’s surface, the existence of the
atmosphere acts as a radiation shield that only allows light at
certain wavelengths to dissipate heat into outer space.
Essentially, the TR cell is a heat pump that works between the
Earth and outer space reservoirs as shown in Figure 1B. The
optical processes described above constitute the energy flow in
this thermodynamic picture. To understand the key factor that
affects the TR cell, we would assume the TR cell to be an ideal
photodiode without any loss coming from nonradiative
processes and charge transport. Employing a detailed balance
analysis (see Methods), we could answer the first proposed
question: what is the bottleneck of conventional TR technology?

We investigate two important factors that greatly deteriorate
the performance of a conventional TR cell: the radiation shield
effect due to atmospheric absorption and the total internal
reflection due to a high refractive index of a narrow bandgap
semiconductor. As shown by the black solid curve in Figure 1C,
we recalculate the blackbody limit with an extension by
including the effect of the bandgap. By taking into consideration
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the atmospheric absorption, the maximum output power of the
blackbody TR cell is reduced to 7.0 W/m? (shown as the blue
point in Figure 1C), which is far below the blackbody limit (48.4
W/m?) calculated in ref 5. Therefore, unless the TR cell operates
in outer space, this blackbody limit with consideration of
atmospheric absorption would be more practically significant for
researchers to design a TR cell on Earth. Moreover, to give a
more realistic estimation, we choose a MCT photodiode to
replace the blackbody photodiode for its tunable bandgap. The
maximum output power would further drop to 4.55 W/m?”
(shown as the yellow point in Figure 1C). For both the
blackbody photodiode and MCT photodiode, the optimal
bandgap corresponding to the maximum output power occurs at
around 0.094 eV as the atmospheric window starts at
approximately 13.2 pm, which aligns with the calculation in
ref 15. The current—voltage characteristics of these three TR
configurations are also plotted in Figure 1D. With the
atmospheric absorption, both short-circuit current and open-
circuit voltage decrease since fewer photons can be directly
emitted into outer space. Nevertheless, replacing the blackbody
photodiode with a MCT photodiode maintains the open-circuit
voltage while reducing the short-circuit current by 33%. This is
attributed to the total internal reflection resulting from the high
refractive index of MCT, i.e.,, n & 3.7 in the sky window (8—13
um). As shown in Figure 1E, the spectral hemispherical
emissivity of MCT above the optimal bandgap is equal to
0.67, explaining the reduction in the maximum output power.
The purple shaded region represents atmospheric transmissivity,
while the yellow shaded region depicts blackbody radiation at
300 K. The overlapping area signifies thermal radiation that can
be directly emitted into outer space. The dashed orange line in
the figure represents the bandgap, dividing the overlapping area
into two parts. The portion above the bandgap represents useful
thermal radiation that can be extracted for electricity, while the
part below the bandgap is considered waste heat, parasitically
emitted as thermal radiation. The optimal bandgap occurs at
around 13 pm, covering the conventional sky window for
emission, which allows the outgoing thermal radiation to
generate free charges with minimum thermalization and
parasitic emissions.

Figure 1F shows the efficiency—bandgap (7—E,) curves of
three TR configurations. The 7—E, curve of the blackbody TR
cell overlaps with the MCT TR cell, as the reduction due to the
high refractive index of MCT affects the dissipated heat (Q.) by
the same ratio. Interestingly, the efficiency of the blackbody TR
cell with atmospheric absorption surpasses that without
atmospheric absorption in a certain bandgap range (0.086—
0.107 eV). This suggests that TR cells could benefit from
atmospheric absorption as it blocks some parasitic emission.
However, the overall efficiency remains below 10%, which is low
compared to the Carnot efficiency achievable between these two
temperature reservoirs. We examined the absorbed energy and
dissipated heat at the voltage corresponding to the maximum
output power, i.e, V = V(P,,,), as shown in Figure 1G. With
increasing bandgap, both Q; and Q, rise, but less P is produced
as more thermal radiation turns into parasitic emission.
However, the maximum emissive power from the Earth to
outer space is far more than Q,, signifying that only partial
emission power is harnessed to generate electricity using the
conventional TR configuration.

TR Configuration with a Near-Field Polar Dielectric
Absorber. A potential solution for boosting the performance of
the conventional TR cells is to add a near-field absorber between

the TR cells and outer space, as shown in Figure 2A. The
bandgap of the TR cell and the material parameters of the polar
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Figure 2. TR configuration with a near-field polar dielectric
absorber. (A) The schematic of a near-field TR configuration with
a polar dielectric that can absorb more photons than the blackbody
limit from the TR cell at a desired spectrum. (B) The spectral heat
flux of the near-field TR configuration (V=0 V) and two blackbodies
with the same temperatures. The yellow shaded area represents the
parasitic thermal emission below the bandgap, and the green shaded
area represents the thermal emission that can potentially produce
free carriers. The pink shaded area is the Reststrahlen band,
bounded by the transverse optical phonon (wro) and the
longitudinal optical phonon (@;). The polar dielectric absorber
(T,) is fixed at 290 K. The thicknesses of the MCT TR cell (t;z) and
the polar dielectric absorber (,4) are 50 nm and 1 pm, respectively.
The vacuum spacing distance (d) is fixed at 10 nm, and the bandgap
of the MCT TR cell is chosen to be 0.094 eV as default unless
specified. (C) The P—V and 57—V curves of the near-field TR
configuration. The green shaded area represents the operational
area considering the dissipated heat limit of the polar dielectric. (D)
The dissipated heat and emitted heat with respect to the voltage of
the near-field TR configuration. The inserted plot shows the
thermodynamic schematic of this configuration.

dielectric absorber have been optimized (see Methods). Placing
the polar dielectric at a nanoscale vacuum gap with the TR cell
allows the confined photon due to the high refractive index of
MCT to be extracted through the photon tunneling effect.
Moreover, through the spectral matching between the surface
phonon-polaritons (SPhPs) of the polar dielectric absorber and
interband transition of the MCT TR cell, the spectral heat flux
can be enhanced by orders of magnitude higher than the
blackbody limit, as shown in Figure 2B. The same mechanism
has been applied to create novel nonlinear thermal compo-
nents””~*' and high-performance radiative energy convert-
ers.'”*” The key benefit of this material selection and device is its
ability to concentrate the spectral heat flux within the
Reststrahlen band (o < @ < @), allowing for selective
extraction of useful photons near the bandgap from the MCT
TR cell while the parasitic thermal emission and thermalization
loss are minimized relatively. The output power and voltage (P—
V) and efficiency and voltage (7—V) curves are shown in Figure
2C, although complete curves might be hard to achieve under
this configuration. According to the thermodynamic picture of
this configuration in Figure 2D, the dissipated heat of the MCT
TR cell should equal the outgoing thermal emission of the polar
dielectric absorber to satisfy the energy conservation law, i.e,, Q,
= Q.. Therefore, the dissipated heat should not exceed the
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Figure 3. TR configuration with a near-field atmosphere coupler made of a polar dielectric absorber and a radiative cooling emitter. (A) The
schematic of a near-field TR configuration with a polar dielectric and a radiative cooling emitter that can dissipate more heat into outer space.
The temperature of the radiative cooling emitter is assumed to be the same as the polar dielectric absorber. (B) The maximum emissive power
(Q.,m) of three different thermal emitters: an ideal emitter, a blackbody emitter, and the optimized polar dielectric absorber with respect to the
surface temperature. (C) The maximum output power and efficiency of this near-field TR configuration with respect to the emitter temperature.
(D) The P—V and 5—V curves of the near-field TR configuration with a radiative cooling emitter. The green shaded area represents the

operational area.
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Figure 4. Concentrated TR configuration with a near-field atmosphere coupler. (A) The schematic of a near-field TR configuration with a polar
dielectric and a concentrated radiative cooling emitter with an area m times that of the MCT TR cell. (B) The maximum output power and
efficiency of this near-field TR configuration with respect to the emitter temperature at different concentration ratios with d = 10 nm. (C) The
maximum output power and efficiency of this near-field TR configuration with respect to the vacuum gap distance at different vacuum gap
distances with m = 20. Note that the power density is based on the TR cell area.

maximum capacity of the outgoing thermal emission by the
polar dielectric absorber, i.e., Q. > Q.. Nonetheless, the polar
dielectric absorber cannot serve as a good thermal radiation
emitter because the sky window overlaps with the Reststrahlen
band so that the emissivity is extremely low due to the highly
mismatched impedance (the refractive index is almost zero). For
instance, when T, = 290 K, the maximum emissive power (Qg,m)
of this polar dielectric is only 57.86 W/m?, while the dissipated
heat of this MCT TR cell at short circuit (V=0V) is 1793.7 W/
m?. Therefore, the actual functioning curve of this near-field
configuration is confined to the green shaded area in Figure 2D,
considering the emission power limitations (from 0 to 57.86 W/
m?). The operational voltage (also shown in the green shaded
area in Figure 2C) spans from the open-circuit voltage (V. =
—4.30 mV) to the working voltage (V,, = —4.16 mV), with a
maximum output power of 1.85 W/m?* and a peak efficiency of
3.1%. Certainly, this near-field TR configuration cannot reach its
full potential unless we enhance the emissive power limit.

TR Configuration with a Near-Field Atmosphere
Coupler. To address the problem, here we proposed to coat a
radiative cooling emitter on the polar dielectric absorber to
enhance the heat dissipation as shown in Figure 3A. Considering
the atmosphere is semi-opaque,*’ the spectral emissivity of the
ideal emitter can be optimized according to the net radiative
cooling power of the emitter.”® In other words, we set the
spectral emissivity to unity when the outgoing radiation exceeds
the incoming radiation from the environment (including the
atmosphere and outer space) and to zero otherwise (see
Methods). As clearly shown in Figure 3B, at 300 K, the ideal
emitter and blackbody emitter can achieve a maximum emissive
power of 193.59 W/m? over twice the power of the polar
dielectric absorber at 89.54 W/m? highlighting the need for
integrating a spectrally designed radiative cooling emitter.

17360

Figure 3C shows the maximum output power and efficiency of
this near-field TR configuration using the ideal emitter to
dissipate the heat. The maximum output power and efficiency
increase as the emitter temperature decreases due to the
improvement in the P—V curve with a larger temperature
difference in the near-field TR device. However, as the emitter
temperature continues to rise, the dissipated power decreases
significantly, which limits further increases in output power. The
optimal emitter temperature for maximum efficiency is lower
than that for maximum output power because efficiency is less
constrained by dissipated power. Therefore, at the optimal
emitter temperature for output power (T, = 259 K), this near-
field TR configuration showcases a maximum output power of
11.0 W/m? (91% of Carnot output power) and a maximum
efficiency of 12.6%. Although the emission temperature of this
TR configuration is reduced by adding this coupler, both output
power and efliciency are more than double the figures of a
conventional TR cell and 1.6 times higher than those of a
blackbody TR cell. To be noted, the maximum output power
and the maximum efficiency cannot be achieved at the same
time. Figure 3D displays the P—V and #—V curves of this near-
field TR configuration when T, = 259 K. Obviously, the near-
field TR configuration has not fully realized its output power
potential. The operational area (green shaded region) falls short
of covering the peak value due to the emissive power limit.
Concentrated TR Configuration with a Near-Field
Atmosphere Coupler. To further enhance the emissive
power limit, we propose a thermally concentrated near-field
TR configuration achieved by increasing the area ratio between
the emitter and the TR cell, which we term the concentration
ratio (m) to draw an analogy with concentrated solar
technology, which has already been widely applied in radiative
cooling*™* and thermoelectrics."” The schematic of this
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concentrated near-field TR configuration is shown in Figure 4A.
Assuming no convection or conduction leakage from the
environment, the emissive power of this concentrated radiative
cooling emitter can be linearly enhanced by the concentration
ratio. With m = 20, Figure 4B indicates that this configuration
can boost the maximum output power to exceed 180 W/m?at T,
244 K, which is remarkable as it approaches that of a
conventional solar panel. This extraordinary output power does
not violate the blackbody limit of negative illumination® as the
unit area surface is defined as the TR cell, not the emitting
surface. The enhancement ratio of the maximum output power
is 16 times that of a regular radiative cooling emitter, and it is not
proportional to the concentration ratio because the optimized
material parameters of the polar dielectric are tailored for the
emitter temperature fixed at 290 K, not at 244 K. Therefore, the
increase in the maximum output power of the TR cell is not
linearly related to the maximum emissive power. The peak
efficiency can reach 36.2% with a lower emitter temperature. As
detailed in the Supporting Information, even for a concentrated
blackbody emitter (m = 20), the maximum output power can
exceed 77 W/m?, and the peak efficiency can reach 12.2%
(Figure S1). For practical purposes, the recently developed
ultrawhite radiative cooling paint,”> which is easily scalable and
cost-effective, can be used to mimic a blackbody emitter in the
mid-IR range. Our evaluation of this practical configuration
revealed results comparable to those of a blackbody emitter
(Figure S2). Sure enough, aiming for better performance, we can
further increase the concentration ratio. The theoretical limit of
the TR performance is reached when the emitter temperature
approaches infinitely close to the temperature of outer space.
However, even with the best thermal insulation materials, there
will still be heat leakage from the environment, which occupies
the amount of useful heat available for electricity generation.
Therefore, increasing the emitter surface area will eventually
lead to diminishing returns in performance. In Figure 4C, we
also investigate the impact of vacuum gap distances on the
performance of this TR configuration. As anticipated, as the
vacuum gap distances increase from 50 nm to 1 pum, the
maximum output power drastically decreases from 32.1 W/m*
to 0.89 W/m® The maximum efficiency exhibits the same trend,
decreasing from 33% to 20%, emphasizing the critical
importance of maintaining a nanoscale vacuum gap distance
for the performance of this concentrated near-field TR
configuration. If the gap distance further increases, the polar
dielectric may not be an optimal absorber, as the surface modes
would no longer dominate the radiative heat transfer. The
optimal emitter temperature decreases as the photon extraction
process becomes less selective and the dissipated power
becomes less efficient with increasing gap distance. Without
the near-field effect, fewer useful photons (with energy close to
and above the bandgap) are emitted into the cold space, leading
to a deterioration in performance. To highlight the importance
of the near-field effect, we simulated a far-field case using a
blackbody absorber and an ideal emitter. The results showed
limited performance improvement (Figure S3), underscoring
that the near-field absorber’s key advantage is its selective
narrow-band enhancement of photon extraction above the
bandgap.

Further Optimizations and Perspectives. We utilized
both gradient-based algorithms and genetic algorithms to
explore the optimal material properties of the polar dielectric.
However, given the complex and nonlinear solution space,
neither algorithm can guarantee that the optimal point is the
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global optimum. The provided parameter set for the polar
dielectric is the optimal result from multiple initial starting
points. Due to computational constraints, we only try to
optimize the values of o, W o, and y with the rest parameters
fixed (see Methods). In essence, these results may not fully
unveil the best potential for this concentrated near-field TR
configuration, and additional design and optimization efforts
could further enhance its performance, as discussed in the
Supporting Information. Simultaneously, to ensure the practical
implementation of this high-performance configuration, addi-
tional engineering considerations are necessary. When optimiz-
ing the thickness of the polar dielectric absorber and the
radiative cooling emitter, efforts should be made to minimize
contact thermal resistance resulting from interfaces or thermal
leakage from the environment. A vacuum chamber, featuring a
transparent shield on top, should enclose the entire config-
uration to minimize the impact of convection.”® The MCT
material must exhibit high quality to ensure quantum efficiency
and minimize nonradiative loss. The consideration of non-
radiative processes and electrical loss may reduce the perform-
ance of narrow bandgap semiconductor devices.'”*’ ™!
However, the structure of this MCT TR device and electrical
circuit design can be further optimized to suppress nonradiative
losses and minimize transport losses.>”

The material selection and integration are the next questions
in realizing the concentrated near-field TR device. Based on the
optimization of the absorber, polar dielectrics with optical
phonon frequencies around the optimal bandgap, such as SiO,,
BaSO,, and SiC, are potentially good candidates to extract
photons from the TR cell. However, these materials in the film
structure are not optimal for the radiative cooling emitter as their
Reststrahlen band also falls directly on the sky window,
significantly suppressing far-field thermal radiation. Interest-
ingly, in particle form, these materials serve as excellent emission
centers for radiative cooling film and paint.24’25’28 Therefore, it is
possible to use a single material to develop both the polar
dielectric absorber and radiative cooling emitter. Using a
concentrated radiative cooling emitter made from affordable
nanocomposite materials would be a more cost-effective way to
harness the thermal power of the night sky, compared to
deploying expensive TR cells made of semiconductors. Another
essential component for a high-performance concentrated near-
field atmosphere coupler is a good heat spreader, capable of
uniformly distributing heat from a small area to a larger surface.
In addition to the concentrated near-field atmosphere coupler, a
far-field thermal radiation extractor made of high-refractive-
index material could be employed to enhance dissipated power
within optical limits.*>** A straightforward improvement to the
current design is to integrate this far-field thermal radiation
extractor with the ideal emitter to minimize Fresnel reflection
loss at the emitter—air interface.

While there are challenges to prototyping this proposed
design, it is crucial to emphasize that this type of nighttime
power generator is inherently antiglobal warming compared to
other conventional power generation methods. According to the
second law of thermodynamics, waste heat is inevitable in power
generation. The more inefficient the power generator is, the
more heat is released into the Earth’s environment, contributing
to global warming. This is a key factor in the impact of human
activity on the Earth’s environment. Furthermore, since the heat
source for this nighttime power generation is derived from waste
heat, no additional fossil fuel consumption is necessary.
Consequently, nighttime power generation emerges as a unique
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and environmentally conscious technology, acting as a counter-
measure against global warming.

CONCLUSIONS

In summary, we proposed a concentrated near-field TR device
capable of generating output power comparable to a solar panel.
The novel aspect of this technology lies in the incorporation of a
concentrated near-field coupler positioned between the TR cell
and deep space, which significantly enhances the photon and
heat transfer from the hot to cold reservoir, resulting in
enhanced performance. This underscores the substantial
potential of TR technology to achieve outputs exceeding 1 W/
m® with decent efficiency, surpassing current experimental
benchmarks. Drawing parallels to the advancements seen in
concentrated solar power within the solar power technology
landscape, we anticipate that this research initiative will pave the
way for the development of nighttime power generation and
expedite the realization and potentially the commercialization of
TR technology, positioning it as a vital technology in renewable
energy generation.

METHODS

Material Properties of the Polar Dielectric and Hg,Cd,_,Te.
The dielectric function of the polar dielectric absorber is modeled by
the Lorentz oscillator model

2

2 2 22
Wy Trol'Lo — Wgto

e (w)=¢ |1+
pd “ a)gzr%o i iwawyr, (1)
where €, is the dielectric constant at the high-frequency limit, and @ is
the angular frequency. r1o = W10/ @y and ry o = @ o/ W, Where 1o and
o are the frequencies of the transverse and longitudinal optical
phonon at the zone center, respectively. r, = y/@, where y is the
damping factor. In this way, the parameters of the Lorentz oscillator
model are normalized to @,, which is easy for optimization of the polar
dielectric absorber. w, = E,/f is the frequency of the bandgap of
Hg,Cd,_,Te (MCT), which is given by eq 8 in ref 5S. The dielectric
function of MCT is calculated by eycr(@) = (n + ix)?, wherei = /=1,
n is the refractive index, which is fitted by the experimental data in ref
56, and « is the extinction coeflicient, which is calculated by the
absorption coefficient.'***
Detailed Balance Analysis. The detailed balance analysis is used
to calculate the current density of the conventional thermoradiative
(TR) cell

e ) /2
I === [ [ En(o, 04,0, 00?
2mc Wy 0

lw(w, T, V) — O(w, T.)]sin(0)cos(0) db dw (2)

where ¢ is the speed of light, e is the elementary charge, and 8 is the
zenith angle. The effect of the azimuth angle has been included as a
constant of 27. O(w, T) = [exp(hw/kgT) — 117! is the Bose—
Einstein distribution, and
w(w, T, V) = {exp[(hw — Ve)/kyT] — 1} is modified Bose—Ein-
stein distribution with a given photon chemical potential of Ve.*”®
Ep(w,0) is the spectral directional emissivity of the TR cell.'*%°
A(0,0) =1 — Tr,(0)"® is the spectral directional absorptivity of
the atmosphere, and Tr,(w) is the spectral transitivity of the
atmosphere.” The expression to calculate the dissipated power is
very similar to that of the current density

1 © prr/2
QM == [ [ Enlo, 04,0, 0)he*
2r°c” Jo  Jo

[w(w, T, V) — O(w, T.)]sin(0)cos(d) db dw (3)

where 7 is the reduced Planck constant. The output power per unit area
and conversion efficiency are obtained by

P(V) = J(V)V 4)
And
_ P(V)
)= @) + ) )

Near-Field Thermoradiative Cell. A fluctuational electrodynamic

formula is used to calculate the current density of the near-field TR
cell 131460

e 0
W) =5 [ W@ 5, v) - 0w, Dl do

/0 ) 2 (o, Kk, dk,

(6)

where ﬁj(a),ku) represents the energy transmission coeflicient from the
MCT TR cell to the upper region (the polar dielectric absorber and air
at the top), and the subscript j represents either the transverse electric
waves (s-polarization) or transverse magnetic waves (p-polarization).

k=, k2 + kyz is the magnitude of the parallel wavevector in the x—y

plane. The energy transmission coefficient can be obtained with a
. . 13,14,60
recursive transfer matrix method

TR
E(w, k) = fo Refieg;crF(w, ky, 2, tr)] dz -
The function F represents the general solution of the multilayer
Green function for the emission at the position of try generated from
the position z, and eycr is the imaginary part of the dielectric functions
of MCT. The net heat flux between the TR cell and the polar dielectric
absorber can be expressed similarly

h 0
Q) =5 [, T, ) - 0w, T do

fo ) 2 (o, Kk dk,

m=sp (8)

The calculations of the output power and efficiency can be simply
done by substituting eqs 6 and 8 into eqs 4 and S.

Optimization of the Polar Dielectric Absorber. We try to find
the best polar dielectric with one oscillator with maximum output
power or efficiency by solving a constrained optimization problem.
Here, we fixed the dielectric constant (&4, = 7) and the bandgap (Eg =
0.094 eV) of MCT, geometric structures (tpd =1pm, trg=50nm,d =
10 nm), and temperature difference (T}, = 300 K and T, = 290 K) due to
computational cost. The optimization problem is set up

maximize 7(rro, o0 7)) 9)

subject to 0.5 < rpo < 1.8
1.001 < 1 < 2

0.0001 <r, <1 (10)

The constraints for rrq, 11,0, and r, aim to concentrate the emission
from the TR cell close to the bandgap, maximizing the performance of
the TR cell. The objective function has been set up to maximize the
conversion efficiency. Both results have been shown in Figure S4. We
employ both the interior point method and the genetic algorithm to
search for the optimum. However, considering the complex and wavy
nature of the solution space, multiple initial points are chosen to
enhance the likelihood of finding the global optimum. Due to the
computational cost, we choose the polar dielectric to be rrg = 1.0867,
rro = 1.2669, and r, = 0.0035. Note that this result is optimal after 10
runs, but it is not guaranteed as the global optimum.

Ideal Thermal Emitter at Nighttime. The maximum emissive
power of the thermal emitter can be obtained by
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_ 1 ) /2 3
QT = — [ [ Ew,0, )4, 0)ho
[O(w, T,) — O(w, T.)]sin(0)cos(0) dO dw (11)

where E is the emissivity of a thermal emitter. To design the ideal
thermal emitter at nighttime, we have to consider the transmissivity of
the atmosphere and the environment radiation leakage. The criterion is
that if the outgoing directional spectral heat flux at a specific angle and
surface temperature is larger than the incoming directional spectral heat
flux, we set the emissivity to be unity. Otherwise, it is set to zero.
Therefore, the directional spectral emissivity of an ideal thermal emitter
at nighttime is given by

1, 9 (@0,T)>q (0,0,T)
Eideal(wl 0’ Te) =
0, qout(w; 91 Te) < qin(w; 0; Te) (12)

where g, and g;, represent the outgoing thermal radiation through the
atmosphere and heat leakage from the environment, respectively. They
are obtained by

q (wl 9; Te) = [1 - Aa(w/ 0)](6((1)1 Te) - @((1), Tc)) (13)

out

And
4,(@, 0, T) = A,(, 0)(©(w, T) - O(w, T,)) (14)

The detailed spectral emissivity can be found in Figure SS.
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