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Abstract
Bl
We study a near-field thermophotonic (NF-TPX) refrigerating device, consisting of a light-emitting
diode and a photovoltaic cell in close proximity. Calculations are performed in the frame of the
detailed-balance approach. We study how thermal radiation, separation distance and LED tem-
perature can affect both cooling power and coefficient of performance. More specifically, we assess
the impact of bandgap energy and quantum efficiency for an artificial material on those cooling
performances. For a particular device made of GaAs and/or AlGaAs we show that, in the near-
field regime, the cooling power can be increased by one order of magnitude compared to far field.
However, a 10% reduction of the quantum efficiency can lead to a decrease of the cooling power
by two orders of magnitude. Finally, we compare existing literature data on electroluminescent,
TPX and thermoelectric cooling with our detailed balance prediction, which highlights design-rule

requirements for NF-TPX cooling devices.

I. INTRODUCTION

Cooling technologies have a wide range of applications including ventilation, air condi-
tioning, household refrigerators, electronic component thermal management and cryogenic
control of nanoscale devices down to atomic systems. The expected rise of quantum tech-
nologies will require high-quality cooling devices capable of operating in diverse conditions
and adapted for micro- and nanoscale integration. Currently, the most widely used cool-
ing systems rely on vapour compression and are very well suited for large systems such
as building interiors, cooling chambers or refrigerators. At smaller scale, however, vapour
compression suffers from drawbacks due to noise and vibrations caused by piston or rotating
compressors, which furthermore require maintenance. Solid-state cooling devices, such as
thermoelectric devices (TEC), avoid those drawbacks and are more easily integrated within
small-scale devices. They are one possible path to micro- and nanoscale cooling [I]. These,
however, suffer from low coefficients of performances (COP) for temperature differences
larger than 10 K |2, 3] and require a certain thickness in order to maintain the temperature

difference between hot and cold sides.
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In an attempt to solve those issues, a new class of solid-state devices based on photonic
cooling has been proposed [4H7]. Some of these systems are referred to as electroluminescent
cooling (ELC) systems, relying on the use of light-emitting diodes (LED) to achieve cooling
[8-11]. The electroluminescent cooling regime leads, under certain conditions, to heat ex-
traction from the environment, usually the LED’s crystalline lattice. One way of improving
this system is through an LED combined with photovoltaic cell (PV) separated by a vacuum
gap. The PV cell collects the radiation emitted by the LED and converts it to electricity,
which can be fed back to the LED and thereby reduce the required external power, im-
proving the coefficient of performance (COP) of the whole system [12]. This combination
is known as thermophotonic (TPX) [13] system (see Fig. [1)). Here, heat exchange occurs
only through radiative transfer, so it is expected to sustain larger temperature differences
[12] than Peltier modules for instance. In this work we analyze the potential of near-field
radiative transfer to improve cooling performances. Near field is known to increase by or-
ders of magnitude the radiative transfer between two objects separated by distances smaller
than Wien’s wavelength in comparison to the transfer predicted by Stefan-Boltzmann’s law.
This enhancement comes from evanescent modes present only at the objects surface [14-17].
It was shown that near field effects can also increase electroluminescent radiation transfer,
either for energy harvesting [I8-20] or for refrigeration [21H30]. The cited works referring
to electroluminescent cooling use planar configurations. Electrical transport is computed
from the detailed-balance limit and radiative transfer from the fluctuational electrodynam-
ics formalism [I1], 31]. Cooling performances vary strongly with gap distance, temperature
difference in the system, the geometry involving multilayers and the nature of the emitter-
receiver pair. However, little research on the TPX system as a cooling device has been
conducted compared to electroluminescent cooling. The aim of the present work is to esti-
mate the maximum theoretical limits of the cooling power and COP for an idealized TPX
cooling system using the detailed-balance approach, and to understand how the device qual-
ity and near-field transfer impact performances. The impact of using a PV cell as a second
heat engine in the system will be addressed, especially in light of the necessary trade-off be-
tween cooling power and COP. In addition, the effect of distance and temperature difference
on the cooling power conditions will be investigated.

The manuscript is structured as follows: we begin by a description of the energy balance in

the system, we then provide a theoretical overview of the detailed-balance approach applied



to a near-field TPX system and end this section by giving the relevant figures of merit. In
the second part we analyse the results and start with the study case of an artificial material
to understand the effect of bandgap energy and quantum efficiency (QE). We then focus on
GaAs-based devices, studying the cooling power and COP as a function of vacuum gap size,
LED temperature and QE. We compare our results with the state of the art and perform
a critical analysis of the results to extract design rules for TPX cooling systems, suggesting

few prospects.

II. IDEALIZED THERMOPHOTONIC SYSTEM

We consider an idealized system in which the LED and the PV cell are homogeneous
planar semi-infinite media separated by a vacuum gap of size d (Fig. . The detailed-balance
approach does not require electrical properties of the materials, except for the bandgap
energy which is set as a parameter or taken from the literature when considering specific
materials. Similarly, the QE, which is defined as the ratio of radiative recombinations
(electron-hole pair generating a photon) to the total density of recombinations (including
those that do not lead to light emission), is a parameter that is not computed directly from
recombination mechanisms for both the LED and the PV cell. Throughout this work we set
PV cell temperature to Tpy = 300 K and for the LED we consider T1gp < 300 K.

To estimate the cooling power, we consider the energy balance at steady state. Energy

fluxes are shown in Fig. [T} For the whole TPX device we can write
Qc+Rn+Qh:07 (]-)

where Q. is the cooling power extracted from the cold side, Qn is the heat flux dissipated
to the room-temperature heat sink and P,, the electrical power fed to the whole system.

Considering only energy conservation for the LED, gives

Qc + PLED + Qrad,net = 07 (2)

where Qradmet is the net radiative heat flux exchanged between LED emitter and PV cell
receiver, Prgp is the electrical power fed to the LED and QC is the cooling power. For clarity,
Prep > 0 means that electrical power is fed into the LED. A specific case is Qrad,net < 0,
which means that radiative heat flux goes from the LED to the PV cell. Cooling of the
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FIG. 1: Schematic of the TPX cooling system. The energy is taken positive when entering

the system and negative when leaving.

LED occurs when Qc > (0 and as a consequence Pigp < —Qrad,net indicating that the
LED emits more radiative energy than it receives electrical energy. This is the so-called

electroluminescent cooling regime. Finally,
Py, = Pugp + Pov = UrgpJrep + UpyJpv, (3)

where Jigp and Jpy stand for the current densities within each device. Urgp and Upy are
the LED and PV cell biases respectively. The performance characteristics are described by
the cooling power Q. and the coefficient of performance (COP). The latter is given by
Qe
COP = —=—. 4
2 (4)

Since the LED emits in the electroluminescent regime, P gp > 0. For the PV cell, power is
harvested, hence Ppy < 0 which reduces P, in absolute value leading to an improved COP

in comparison to electroluminescent cooling. We also consider the scaled COP (SCOP):

COP
P=———
SCO CO]-:)Carnot ’ (5)
where COP ot 18 the upper bound given by
Tiep
COPernot = =————. 6
" Tpy — Tiep (6)



III. DETAILED-BALANCE APPROACH AND NEAR-FIELD RADIATIVE TRANS-
FER

A. Radiative flux calculations

Since we are interested in near-field effects, we use the Fluctuational Electrodynamics
(FE) framework to compute all contributions (propagative and evanescent) rigorously. The

total radiative heat flux leaving the LED is expressed as

Qrad,net = Q.r>ad + Qr<ad' (7)

Ql?ad and Qfad are the net exchanged flux density above and below the energy bandgap of
the considered materials. We consider the case in which the bandgap of the emitter and the

receiver are matched. The fluxes can be expressed as

) = / " 0(Tiep. ) — O(Tov. )] Tes(w) o, ®)

. +o0
rd = / ©(Trep, ULep, w) — O(Tpy, Upy, w)] ot (w) dw, (9)

gap

where O is the mean energy of the generalized Planck oscillator given by [32]

—<Z>_l if hw < Ej,

O(T,U,w) = { “F\FsT (10)
. hw _ ifhw> E
=

where e is the elementary charge and £, the bandgap energy. The above-bandgap radiation
involves electroluminescence while the sub-bandgap radiation is due to thermal radiation
only. The transfer coefficient 7y, (w) includes all information on geometry and optical prop-
erties of the media. In our case, we consider only planar homogeneous media parallel with
one another, for which it is possible to compute the transfer coefficient using a semi-analytical
method. We implemented the S-matrix method as described in [33], which allows to describe
multilayer stacks and to calculate the exchanged flux with a single layer of the stack taking
into account the near-field effects. For planar media, the transfer coefficient is the sum of

far- and near-field contributions:

Ttot (w) = Ttar-field (W) + Tnear-field (w> ) (1 ]-)
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where

w/ec

saa(w) = [ Taloo, ety (12)
0

Tnear—ﬁeld(w) :/ 7:1f(("))l{;p)l{:pdkp' (13>
w/c

k, is the component of the wavevector parallel to the interfaces and 7Tg ¢ the monochromatic

and directional transmission coefficient.

B. Current densities and electrical power calculations

We compute P gp and Ppy in the frame of the detailed-balance approach which relates
to the generation and recombination of electron-hole pairs in the semiconductors, and re-
spectively absorption or emission of radiation. We consider first the radiative limit, in which
only radiative recombinations occur (QE = 1). For the PV cell, this means that for each
absorbed photon with an energy equal or higher than the bandgap, exactly one electron-hole
pair is created and transferred to the load. For the LED, this means that every supplied
electron-hole pair recombines by emitting a photon. To obtain the electrical power, we need
to compute first the current density fed to the LED and extracted from the PV cell. The

current density can be written as [19)]

+oo
J = / € Vet (W) dw, (14)
where the net spectral photon flux density Jyet(w) in the radiative limit is expressed as
Thot (W
Yaet (W) = [©(TLED, ULep, w) — ©(Tpv, Upy, w)] tﬁi ) (15)

C. Inclusion of nonidealities in detailed-balance approach

In real-world applications, several nonideal factors affect the system performance. Not
all charge carriers in the LED recombine to produce photons, not all photons reaching the
PV cell are absorbed and generated into electron-hole pairs. In addition, not all generated
electron-hole pairs contribute to the reduction of the external electrical power (P,) required
for system operation. As a result, we include nonidealities by means of QE, which quantifies
how efficiently charge carriers are converted to photons in the LED and how effectively pho-

tons are converted back to usable electron-hole pairs in the PV cell. While QE is primarily
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determined by the intrinsic properties of the materials used, it can also be influenced by the
manufacturing process and device structure. Improvements in these areas can enhance the

overall efficiency of the system. QE can be simply expressed as

QE=—" (16)

Ny + Ny
where n, is the density per unit of time of radiative recombinations in the system and n,, is
the density per unit of time of nonradiative recombinations in one of the components. The
last quantity stands for an electron-hole pair recombination that does not create a photon.
In the radiative limit we have n,, = 0. Note that we use here the definition of quantum
efficiency for LEDs, which differs from that of photovoltaic cells. If QE < 1, some charge

carriers contribute to heating in the LED. By inverting the equation, we obtain

e () i

The current density Jygp is defined as
Juep = e (g —n), (18)

in which ¢ = ¢, + gnr is the total density of electron-hole generation (due to radiative
and nonradiative events) and n = n, + n,, is the total number density of nonradiative
and radiative electron-hole recombinations. When no voltage is applied (equilibrium case),

nonradiative generation should cancel nonradiative recombination [13], so

Gnr = nnr(U = 0)7 (19)

Injecting this expression into Eq. one gets
1
Juep = € <9r - Ny = (@ - 1) (e —ne(U = 0))) : (21)
This expression is valid spectrally. As Yyet(w) = ¢r(w) — ny(w) and for the LED n,(w) =
Teot (W
O(Tiep, Urep, w) &36)

radiative limit (Eq. [12, 13}, [19]:

we can obtain the current density, which is lower than that in the

hin = [ [raat)~ (g5~ 1) (Tien Uisn, ) — O(Tiw, 0.0 "2
)

gap



In our work, we consider a symmetric situation i.e. that the same QE is applied in the LED
and the PV cell. Note that, in literature, external quantum efficiency (EQE) is commonly
considered as it can easily be measured in far field [34]. Tt describes the proportion of
photons emitted from an LED per electron-hole pairs injected. Here, we assume that the
chemical potential is constant in a given device, as a consequence the computed luminescence
is approximately a net one including photon recycling inside a device. For more analyses

about internal and external luminescence the reader is referred to Refs. [35] 36].

IV. COOLING POWER AS A FUNCTION OF QUANTUM EFFICIENCY AND
BANDGAP

We now proceed to calculate the optical radiative heat flux and electrical power densities
of the TPX system. To do so, we need to define specific radiative properties and make certain
assumptions about the system components. For our analysis, we first use a simplified model
representing ITI-V materials to identify the optimal bandgap energy for cooling purposes. In
the following section, the LED temperature is set to 290 K and the PV cell to 300 K. The
permittivity is taken to be ¢ = 10 + ¢ for both components of the system, and corresponds
to a typical real part of the permittivity for III-V materials. For the quantum efficiency,
we consider two values: QE = 1 and 0.95. The second value was chosen since it represents
a realistic estimate for a GaAs LED.When computing the QE from known expressions for
Auger and SRH mechanism, values close to 0.99 can be obtained. Experimentally, values
around 0.9 have been reported but those depend very strongly on surface nonradiative
recombinations. As a result, 0.95 provides a realistic estimate. We can now evaluate the
performance of different I1I-V-like materials in the TPX system, focusing particularly on
identifying the effect of bandgap energies and QE change for cooling applications.

Figs. [J(a-d) show the cooling power as a function of LED and PV cell voltages for an
arbitrarily-selected bandgap energy of 1.42 eV. From the top to bottom rows, the quantum
efficiency (QE) decreases from 100% to 95%. The left column includes sub-bandgap radiative
heat flux, while the right column sets this specific flux to zero ( .fad = 0), illustrating how
efficient management of this quantity can benefit to the system. In these figures, one can
distinguish two regions: the first one colored in blue shows the domain for which cooling

occurs. The second one colored in yellow, orange or red highlights the biases for which LED
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FIG. 2: Cooling power as a function of LED and PV cell voltage biases for an LED and
PV cell with dielectric constant € = 10 + . Cooling of LED occurs in blue area and
heating occurs in the red area. Solid green line stands for Upgp = Upy and dashed green
line corresponds to the equality of the generalized Bose-Einstein distribution. Cooling
power is given for QE = 1 on top and QE = 0.95 on the bottom, including sub-bandgap
radiative heat flux on the left and excluding sub bandgap radiative heat flux on the right.

Green points show where maximum cooling power is obtained.

heating happens. The solid line satisfies the condition Upgp = Upy and the dotted line
below fulfils the condition at which the net flux is equal to zero [19]:

+oo
0= / ©(TLED, ULeD, w) — ©(Tpy, Upy, w)] Trot(w) dw. (23)

gap
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Almost whole radiative flux is concentrated around the bandgap. From Eq. one gets

TPV Eg TPV
Upy = U, ——==—-1 24
PV TLED LED e (TLED ) ( )
1 E
= —— +1) Upp — ——2—. 25
(COPCarnot * ) HED € COPCarnot ( )

The highest cooling power is achieved when the LED voltage matches the bandgap energy
(Ey = eUrgp) with a QE of 1 (Fig. [2a)).

Comparing Figs. and [2¢| (same color scales), it is found that reducing QE results in
a lower maximum cooling power. This is due to an increase in the required external power
to maintain the same radiative heat exchange, which partly converts to heat, up to a point
where cooling is no longer achievable. As a result, the green markers, indicating the condition
for maximum cooling power, shift towards lower LED voltages as QE drops. As cooling power
scales exponentially with LED bias (Urgp), a lower bias can lead to a significant reduction
in cooling power by two orders of magnitude. Another feature of interest, highlighted by
moving from the left (Figs. and to the right column (Figs. and [2d)), is that
suppressing sub-bandgap radiative flux allows cooling at lower voltage levels. The reason
for neglecting sub-bandgap radiation is to provide an estimate of the maximum cooling power
achievable. Such suppression could be implemented with a frequency-selective structure that
would reflect all radiation below the bandgap while keeping practically untouched the above
bandgap contribution. Finally, note that biasing (powering) the PV cell increases the flux
going from the PV cell to LED, thus decreasing the cooling power up to a point where
refrigeration is no longer possible. The inclusion of a PV cell enables also photon conversion
to electricity, therefore reducing the need for external electrical power and improving the
COP. This effect cannot be seen on these figures where only cooling power is represented.

Let us now analyze spectral contribution to the radiation. Fig. [3] investigates the ef-
fect of the critical parameters: quantum efficiency and bandgap energy. Fig. shows
the net monochromatic radiative flux exchanged between a cold LED emitter and a room-
temperature PV cell receiver for three different bandgap energies: 0.2 eV (purple), 1.0 eV
(orange) and 1.65 eV (green). The QE of the system is fixed at 1. The net cooling power is
obtained by integrating the area below the curve where the contribution below the bandgap
is set positive (heating of the LED since flux always goes from hot PV cell to cold LED)

and the one above bandgap negative (cooling since the flux goes from the cold LED to the
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hot PV cell). Increasing the bandgap energy causes the electroluminescent peak to grow in
absolute value leading to a higher cooling power since for higher QE, higher bias voltages
can be applied. Note that the bandgap energy and dielectric permittivity dependencies on
temperature are here neglected, which could impact the intensity and position of the electro-
luminescent cooling peaks. Fig. shows the net monochromatic radiative flux exchanged
between a LED and a PV cell for 3 different QE values. Only absolute values above 10~
W.m~2. rad~'.s. are represented in the figure. Sub-bandgap radiation corresponds to Q%4
and the electroluminescent peak corresponds to Qfad from (see Eqs. and @) The three
different shades of blue correspond to different QE values: 0.8 (dark blue), 0.9 and 1.0. The
distance is d = 10 nm and E, = 1 eV. The biases are selected so that the cooling power is
maximized for each QE. Decreasing the QE by 0.2 decreases the intensity of the electrolu-

minescent peak at the gap frequency by five orders of magnitude. This peak reduction leads

to a drop of the cooling power by two orders of magnitude.

We now compute the cooling power as a function of both QE and F,. Each point of the

<

~d = 0 and optimizing the bias

figure is obtained by computing Q;d while considering Q
applied to LED and PV cell, i.e. according to the extraction of the green points highlighted
in Fig. 2l The data provide thus an upper bound to the cooling power. For the sake of

simplicity all cooling values below 1 W.m™?2

are represented in dark grey. For all E, the
maximum is obtained for QE = 1 as expected. For a bandgap energy of 0.30 eV, an increase
of the QE from 80 % to 100 % results in a rise of a four orders of magnitude of the cooling
power. For a bandgap energy of 1.65 eV, an increase QE from 80 % to 100 % results in a
rise of beyond ten orders of magnitude of the cooling power. One can distinguish therefore
two optimal configurations. Considering a low QE (QE < 85 %), it is advantageous to have
a low bandgap-energy material. At high QE, it is the opposite. Interestingly, there is an

optimum bandgap energy for each quantum efficiency.

Summarizing, the analysis demonstrates that optimizing the cooling power in a TPX
system depends significantly on the interplay between bandgap energy and QE. The need
for large QE and a high bandgap energy point towards III-V materials to maximize cool-
ing performance in TPX systems, as they are known to possess high QE with an already

significantly high bandgap.
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FIG. 3: Maximum cooling power achievable as a function of quantum efficiency and
bandgap energy for d = 10 nm for a dielectric constant ¢ = 10 4+ ¢ in the LED and the PV
cell. (a) Monochromatic radiative flux for QE = 1 and different values of bandgap energy.

(b) Monochromatic radiative flux for E; = 1 eV and different values of QE. Heating and
cooling are displayed by red and blue areas, respectively. (c¢) Cooling power for optimized
biases and Qfad = 0 as a function of bandgap energy and QE. The purple line indicates the

maximum cooling power for a given QE.
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V. COOLING CONDITIONS AND PERFORMANCES USING A GALLIUM AR-
SENIDE BASED THERMOPHONIC DEVICE

If the available QE is below 80%, low-bandgap materials have to be considered and the
cooling power can reach 10* W.m~2. This threshold is already reachable by commercialized
Peltier module technology [37]. As a result, we chose to evaluate the performances of a
gallium arsenide (GaAs) based realistic TPX system, as this alloy can reach high QE [38-
42]. It has a bandgap E, at room temperature of about 1.42 eV [43]. In this configuration,
the expected cooling power could be of the order of magnitude of 10° W.m ™2, which surpasses
thermoelectrics. It has to be reminded the bandgap energies of emitter and receiver have
to be matched in order to achieve optimum optical coupling [44-47]. As an increase of
temperature leads to a decrease of the material bandgap [48, 49], we need to modify the
composition of the PV cell to reduce the bandgap energy mismatch. It is better to avoid
using a ternary alloy for the LED since electrical performances of such LEDs are known
to be worse than for pure GaAs. The decrease of bandgap with temperature follows the

semi-empirical Varshni law [50]:

E,(T) = E,(T = 0K) - 2L

T+ B

(26)

Specifically, for GaAs, E, (T = 0 K) = 1.52 eV, a = 0.55 meV.K™' and 8 = 225 K. To
counteract the bandgap shift for higher temperature, a small proportion of aluminium is
therefore incorporated in the PV cell. Our system is therefore made of an LED made of
GaAs and a PV cell made of Al,Ga;_,As. We set first the LED temperature and determine
its bandgap energy. We then compute the fraction of aluminium x needed so that the PV cell
bandgap energy matches that of the LED, using the model of interband transition provided
in Ref. [49]. Once the bandgap energy is known, we can determine the permittivity of
both LED and PV cell. For the GaAs LED we use the data from [49] for the permittivity
above bandgap ([wgap, +00[) and [51] for the permittivity below bandgap ([0, wgap]). For the
permittivity of the Al,Ga;_As PV cell above bandgap we take the data from [49] and below
bandgap from [52]. Using this method, we find that the required amount aluminum fraction
to put into a 300 K PV cell for a 290 K GaAs LED is 0.37% and for a 250 K LED is 1.81%.
Note that in the case of GaAs, there is a clear spectral separation between the sub-bandgap
radiation Q< ,, which is due to thermal radiation, and the above-bandgap one Q> ,, which

rad’ rad’

is due to electroluminescence only.
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A. Optimal cooling power and impact of thermal radiation

Fig. |4 shows the cooling power map for two LED temperatures (250 and 290 K) and two
gap distances (10 and 100 nm). To appreciate the optimized cooling possibilities offered by
this system, Q< has been set to 0 in Fig. . From Fig. to Fig. we include thermal

rad

<

a7 0), leading to a reduced cooling domain and thus imposing stricter

radiation (i.e. Q
cooling conditions. Above Upgp = %, there is no cooling power. Reducing the LED temper-
ature from 290 K to 250 K (as seen between Fig. 4aland Fig. increases thermal radiation,
shown by a darker red shade. This rise in thermal radiation results from an increase in the
modified Bose-Einstein distribution difference, ©(Tpy, Upy,w) — O(TLEp, ULgp, w). Since
thermal radiation is independent of the biases applied to the LED and PV, it serves as an
initial barrier to achieving cooling power at moderate LED biases (around 1.15 V). However,
the increased distribution difference also reduces electroluminescent radiation, making it
more challenging to overcome thermal radiation at lower LED temperatures. Consequently,
a higher LED bias is required to achieve cooling. As the temperature difference between
LED and PV cells grows, the boundary of the cooling power zone (shown by the green
dashed line) shifts, limiting the range of conditions where cooling power can be achieved.

Between Fig. [da] and Fig. [Ab] and between Fig. [Ad and Fig. [Ad] the gap distance has been
increased from 10 nm to 100 nm. Near-field effects are reduced leading to a smaller 'fad
and also a lower Qfad, i.e. to a reduction of both thermal and electroluminescent radiation.
Nevertheless, between the two, thermal radiation decreases faster, as thermal radiation is
strongly related to surface modes with strong distance dependence at very short distances,
and electroluminescent radiation is linked to frustrated modes, which level off at these short

<

distances. As a result, cooling power can be achieved at more flexible conditions as Q34

decreases from 5.1 x 10* W.m~2 in Fig. to 9.5 x 102> W.m~? in Fig. For Upy =
0, cooling can be achieved for Ugp 2 1.29 V for d = 10 nm whereas it is achieved for
Urep 2 1.22 V for d = 100 nm. Also, by comparing Fig. and Fig. [4a] one can see that
the sub-bandgap radiative heat flux can be larger for a more realistic material. This is due

to the fact that the phonon-polariton contribution is strong in GaAs-based materials. All

these results are obtained for ideal conversion of electron-hole pairs into photons (QE= 1).
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distribution. Cooling power is given for different LED temperatures (top to bottom) and
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power (resp. COP) are obtained.
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B. Cooling performances vs distance

We now look in more details at the effect of near field on performances. To do so, Fig.
displays as a function of distance both the optimized cooling power and the scaled coefficient
of performance. As can be expected, cooling power is larger for small LED-PV temperature
difference as shown in Fig. . Let us consider first dashed lines for which Qfad = 0.
We can distinguish three regimes on each curves: for d > 2 pm, we are in far field for
electroluminescence. As only propagating modes are exchanged in the system, the optimized
cooling power is constant. For d < A\, = g—‘;, we are in near field and electroluminescent
radiation is enhanced due to evanescent modes contribution, resulting in a ten-fold increase
of the cooling power. The increase is due to frustrated modes (the typical divergence due

to surface modes is not observed in this distance range). For 300nm < d < 2pm , some

optical interferences from propagating modes lead to oscillations in the cooling power. For

<

each dashed line representing the case where Qfad = 0 corresponds a solid line in which Qrad

is accounted for, which underlines the issue of thermal radiation in the TPX refrigerators.
For Tygp > 210 K and d > 200 nm, thermal radiation has a negligeable impact in our TPX
system, as the two lines are superimposed. For short distances and Trgp < 270 K, the
optimized cooling power drops, due to thermal radiation increasing at a higher pace than
electroluminescent radiation. Therefore, there is an optimal distance in which the maximum
cooling power for a given LED temperature is reached. As expected, optimizing the cooling
power in this system leads to a poor energy efficiency if thermal radiation is accounted
for as shown in Fig. In this scenario, the PV cell is not producing any power and a
strong power needs to be supplied to the LED, thus resulting in a need for a strong external
electrical power P, and finally a low SCOP. In fact, all displayed SCOP values including
thermal radiation are smaller than 1 %. Again, it is seen that a strong thermal-radiation
management could limit the degradation of the SCOP. Considering maximum COP as a
function of Tygp and d in Fig. , the previous three regions can be observed. At d < 60
nm, an increase of the SCOP can be seen when the gap size increases as the required amount
of electrical power decreases faster than the cooling power. Notably, the local maximum
COP at d =~ 60 nm is recovered for all LED temperatures when the LED-PV cell separation
reaches the transition between the near-field and far-field regimes for electroluminescence

(d > 1 pm). The inset highlights the region where the maximum COP is attained for each
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where no sub-bandgap radiation is exchanged (Q<, = 0) while the solid lines include Q.
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as a function of LED and PV biases for an LED temperature of 270 K and a gap distance
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focusing on the region where COP > 0.5. The cooling power at maximum COP is
represented by a black dot. In (b), the horizontal dashed purple line indicates a typical

value for refrigerators. [53]
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computation of cooling power as a function of LED temperature and separation distance.
The cooling power resulting for the energy efficiency optimization is displayed in Fig. [5d|
The darkest line represents Tigp = 295 K and displays the overall lowest cooling power
values. As the electroluminescent radiation from the PV cell to the LED is larger in this
case, the cooling power is lower than in the optimised cooling-powercase. Having a high
bias in the PV cell enables the conversion of electroluminescent power into electric power,
thus reducing the amount of needed external electrical power. The combination of those two
statements results in having a system with substantially higher energy efficiency, but with
a lower cooling power [54].

We now address the case of a reduced quantum efficiency, of 95% (Fig. E[) Comparing
Fig. and [6a], we observe that reducing QE leads to a strong drop in cooling power across
all LED temperatures. In addition, it can be seen that cooling cannot be achieved for
certain distance ranges. Fig. |6b[shows the optimized coefficient of performance (COP) as a
function of distance. The dashed line indicates a COP of 3 which is typical for conventional
compression-based cooling systems [53]. As can be seen, the thermophotonic system does
not reach this value under any conditions. Even reaching a COP of 1 proves difficult due
to both lower QE and high sub-bandgap radiative heat flux. Fig. is the counterpart of
Fig. with QE = 95%, and shows comparable SCOP for temperature differences below
60 K and SCOP values dropping up to 50% for higher temperature differences. Finally, the
counterpart of Fig. [pd] providing the cooling power at maximum COP, is Fig. [6d] For
every bias-optimized COP points, the associated cooling power is lower by a ten-fold. Given
the previous figures with a closer-to-real QE, the GaAs-based cooling TPX system could
operate with cooling power ranging up to 10* W.m=2 and its COP can reach up to almost
0.3 for temperature differences above 30 K. To sum up, such device without low sub bandgap

transfer management has limited viability.

C. Trade-off between cooling power and COP

We now provide performance plots, which give the relation between COP and cooling
power. To do this, we extract from our prior computations in the (Upgp,Upy) maps each
operating point in which net cooling is possible, and compile all the associated cooling powers

and their corresponding COPs. We then represent the envelope, i.e. the outer boundary of
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FIG. 6: (a) Performances for optimized cooling power, and (c) its corresponding SCOP.
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for QE = 0.95. All solid lines include sub-bandgap radiation. The dashed lines in (a) and

(c) correspond to the case where no sub-bandgap radiation is not exchanged (Q3<, = 0).

the possible phase space. Depending on the application, optimizing either the COP or the
cooling power may be the priority. Metrics such as the product of COP and cooling power
have been previously proposed [27] in order to find a single interesting operating point. Most
of the time, our analysis favors examining the maximum cooling as it enables comparison
with other cooling systems. However, intermediate choices may be useful. The performance

plots can be seen in Fig. 7|, which provides the COP and/or the SCOP including thermal
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temperature including thermal radiation. (b) Dependence on distance including thermal

radiation. (c) Dependence on LED temperature excluding thermal radiation. (d)

Dependence on distance excluding thermal radiation.

radiation (below-bandgap radiation) as a function of cooling power. In general, there is a
trade-off: achieving high cooling power requires reducing the PV cell’s bias Upy in order to
reduce the detrimental heat flow from the PV cell to the LED . Conversely, increasing the PV

cell’s bias allows efficient conversion of electroluminescent radiation from the LED, especially
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at high QE, and leads to a reduction of the needed external electrical power P,,, at the cost

<

~d 7 0, a minimum electroluminescent

of a decrease in cooling power. In Fig. since Q
radiation threshold must be exceeded for cooling to occur. This explains why low cooling
power (Q. < 1 W.m™2) does not coincide with high COP (COP > 3). Thermal radiation
can be considered as a heat leak of the hot reservoir towards the cold reservoir [55, 56]. The
best cooling power is 1.25 x 105 W.m~2 at a 10 nm distance at Tigp = 290 K. Another
option is to get the maximum COP of ~ 4.38 with an associated cooling power of 8.42 x 10*
W.m™2. The main reason for the COP decrease when the LED temperature decreases is
the increase of the thermal radiation contribution, as higher temperature difference (i.e by
lowering Ty gp in our computations) imposes greater Bose-Einstein factor difference. As the
distance between the two components increases, the maximum cooling power decreases but
COP and thus SCOP increase as seen in Fig. [Tbl To compare with electroluminescent
cooling, we include the results we obtain using Upy = 0, which makes the TPX cooling
system acting as a pure electroluminescent-cooling device. The cooling performances of the
TPX device are not reduced. Oppositely, the obtained COP is close to zero, underlining
that one main effect of the NF-TPX device is not to have better cooling performances but

to enhance the sustainability of radiative solid-state cooling.

In Figs. (C,d) we set Qfad = 0, resulting in an improvement of the cooling power and a
substantial step-up of the COP in comparison to the data of Figs. [fh and [Tp. As can be
seen in Fig[7d the SCOP almost reaches 1 in all conditions in the inset of Fig. In those
situations, as emission due to electroluminescence is unfortunately not monochromatic, some
thermalisation losses are present in the system. This results in a SCOP approaching but
distinct from 1. A SCOP of 1 could be reached for monochromatic radiation or with a very

large bandgap [54]. In Fig. , it is seen that filtering thermal radiation allows reaching

significant values of COP and large cooling power for a broad range of distances.

All the previous figures are obtained in the radiative limit. In Fig. [§, QE is set to 0.95.
This 5 % drop of QE results in a maximum COP going from = 4.38 to 0.055 and for a
cooling power decrease from 1.25 x 10° W.m™2 to 2.76 x 10* W.m~? if thermal radiation
is included as shown in Fig. [Bh. The 5% drop of QE leads to a 50-fold drop of cooling
power and a 90-fold COP drop. Thus, the need for a high QE for high-bandgap materials
is highlighted again. In this case, reaching a significant COP requires to stay at least at a

100-nm distance, as shown in Fig. [8b. Excluding thermal radiation, performances become
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viable, as demonstrated by the three-fold increase of the cooling power with respect to
Fig. and the multiplication of the COP by three. In such case, no distance increase is
required for maintaining significant performances as shown in Fig. [8d. Best performances

are obtained for smallest distances, but with a modest SCOP.
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VI. STATUS OF NEAR-FIELD THERMOPHOTONICS AND ALTERNATIVE
REFRIGERATION TECHNOLOGIES
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FIG. 9: Cooling power potential as a function of gap distance from near-field
thermophotonic data obtained so far and comparison with thermoelectrics. The solid lines
represent the normalized cooling power obtained in the frame of this work for QE = 1 and

0.95. For both curves, sub-bandgap radiation is included.

We now compare what we have obtained with results from literature. Fig. [9] shows
the performances of electroluminescent cooling devices (active emitter and passive receiver)
and thermophotonic cooling devices (active emitter and active receiver) as a function of
gap separation between emitter and receiver. The maximum cooling power depends on the
temperatures of the hot and cold sides. Therefore, to be able to compare the cooling power
reported for several temperature differences, we divide it by the temperature difference,
which is a commonly used metric for energy-conversion devices. In literature, the temper-
ature of the receiver is most often set to 300 K. We made the same choice for consistency.
The color of each point of the figure characterizes the different nonradiative recombination
mechanisms taken into account in the computations. The nature of the emitter and of the

nonradiative recombination mechanisms can be typically linked to the bandgap energy and
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Material Bandgap Energy at 300 K (eV)

InSb 0.17
InAs 0.354
GaSb 0.726
GaAs 1.424
CdTe 1.45

TABLE I: Bandgap energies of selected materials at 300 K [59]

the QE, respectively. Note that as the LED bias is increased towards %, the most important
nonradiative recombinations become Auger and surface ones [20], 57]. In the figure, the dif-
ferent emitter materials (see Tab. [l) are represented by various shapes, which link bandgap
energy with associated cooling power. As can be also seen in Fig. [3d emitters with low
bandgap energy material such as InAs (E, ~ 0.354 eV at T" = 300 K) exhibit lower perfor-
mances than with higher bandgap energy materials such as CdTe (E, ~ 1.45 eV at T' = 300
K) given the same high QE. Note that InSb devices cannot be used at room temperature
currently [58] and that this datapoint is therefore only prospective. Several strategies have
been adopted to maximize the cooling power. One of these is to excite the frustrated modes
in the system. As can be found in data associated to Refs. [21] 24], dividing the gap size by
100 leads to a 10 to a 100-fold increase of the cooling power using the same structure. We
note that almost all listed publications use mirrors behind emitters and receivers to recycle
out-of-band photons. Those mirrors are expected to be as loss-free as possible. The used
materials include Au [24], Ag [21], Ni [23], aluminium oxide Bragg reflectors [26] and perfect
mirrors [25]. Another way of increasing the cooling power is to decrease the importance of
below-bandgap radiative heat flux Qfad. In deep near field, the phonon-polariton modes are
prevalent and account for almost all sub-bandgap radiation for distances below d = 50 nm.
To mitigate this heat flux, Refs. [23], 26] use graphene on top of the LED and the PV cell,
which allows tuning the surface plasmon polaritons through the chemical potential. Ref.
[26] shows that Q;d can be reduced up to a factor six for a 10 nm gap size. Our results
for Tigp = 290 K and Tpy = 300 K are plotted on the figure in two continuous curves.
The upper curve is the idealistic upper bound (QE = 1) of our system and the lower one

includes some defects (QE = 0.95). One can note that our results are close to those of Refs.
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[25, 27] in this nonideal case. Some authors [12} 22l 241, 25] 27, 30] also report COP in their
structures. Adjusting those values to SCOP, no articles provide values exceeding 35% while
including mirrors and sub-bandgap radiation. By suppressing sub-bandgap radiation but
including Auger recombinations such as in Ref. [60], SCOP reaches 100 % with powering
the receiver for photon collection. To compare active radiative cooling with thermoelectric
cooling (TEC) devices, data from Ref. [37] are used. More precisely, the performances of
listed commercially available TEC devices are displayed in black stars, on the rightmost
part of the figure. Those values are computed using the maximum cooling power divided
by the surface of a given module. A one degree temperature difference is applied to obtain
such high cooling power. As a result, these TEC cooling powers stand for upper bounds of
the cooling power, which are on par with our own upper bound. One peculiar point in the
far-field region belongs from Ref. [12]. Using ideal blackbodies and a very high bandgap of

2.5 eV, the authors found an ideal cooling power of 106 W.m~2.

In general, the results from this work agree well with the data found in literature, with
a cooling power per unit temperature in a range of 103-10° W.m2K~!. Near-field effects
improve by a factor 10 the reachable cooling power. High-bandgap energy materials such as
GaAs and CdTe show improved performances compared to materials with lower bandgaps.
Even though we considered the effect of non-radiative recombination by setting values for
QE, our results match well with works accounting for the recombination mechanisms more
rigorously. Finally, thermophotonic devices can, in theory, reach cooling performances close
to Peltier modules. There is, however, a lack of experimental results [30] confirming those

tendencies.

To finish, we note that we have addressed the case of usual refrigeration (i.e. decreasing
temperature below ambient), but one can also use such a system to evacuate heat from a hot
source. For instance, thermophotonic energy harvesting (hot LED and room-temperature
PV cell) is being considered, where an increased dissipation rate from the hot side is possible
by feeding it electrically [I3], 19]. Another option is to reverse-bias the hot side in what is
then called a thermoradiative-PV engine. Details about various types of so-called dual

radiative heat engines can be found in Ref. [61].
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VII. CONCLUSION

By means of near-field radiation computation, cooling conditions have been established
for the thermophotonic system. Using a reference material, we have come to the conclusion
that a high bandgap material (above 1 eV) and large QE (> 0.95) allows for a cooling power
larger than 10®> W.m™2, which is necessary to compete with thermoelectrics. Low QEs
prevent from obtaining significant cooling power. The computations of a GaAs-based TPX
system result in a cooling power that can reach 1.46 x 10°® W.m~2. We have underlined that
the increase of the cooling power, expected when the distance becomes smaller, is limited
down to a certain gap size. Indeed, thermal radiation emitted by the PV cell, which acts
as a heat leak in the system, becomes particularly detrimental for small gap sizes, making
a certain distance optimal to maximise Q.. Finally, we have compared our results with
the existing literature on the subject and found that near-field thermophotonic refrigerators
could indeed compete with thermoelectric coolers: our upper bound matches that of TEC
cooling devices. As thermophotonic systems are still under development, and our system
is not thoroughly optimized, better cooling performances than those found here could be
achieved. In particular, it was found for energy-harvesting thermophotonic devices that
solving the electrical transport by means of drift-diffusion equations [20] can outperform
solutions from the detailed-balance approach. Structuring the materials as multilayers could
also increase the performances, by filtering the sub-bandgap energy radiative transfer and
reducing the spectral width above bandgap. One should note that including resistive losses
should however be taken into account and could reduce the performances.
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