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Abstract

Optical refrigeration of a semiconductor generally requires a laser excitation very
close to its bandgap and a radiative efficiency close to 1. Under these two condi-
tions, the material can refrigerate by radiating more energy than it absorbs. In this
theoretical work, we propose considering impact ionisation, which appears to be pre-
dominant in transition metal dichalcogenides, and evaporative cooling to overcome
both requirements. With impact ionisation, high-energy photons excite multiple low-
energy electron-hole pairs rather than heating the material by emitting phonons when
the high-energy carriers thermalise. Thanks to an evaporative cooling effect, such low-
energy electron-hole pairs diffuse from a small bandgap absorber into a larger bandgap
reservoir by absorbing phonons. This cooling process operates even in materials with
modest radiative efficiency. We propose a device based on a small bandgap absorber
(a strain-balanced superlattice based on two-dimensional transition metal dichalco-
genides) and a larger bandgap reservoir made of bulk MoS,, forming a type I hetero-
junction. With a detailed balance approach, parameterised with ab initio calculations,
we demonstrate a net cooling of the absorber under solar irradiation above 25%, even

considering low external radiative efficiency.

Introduction

With the down-scaling of electronic components, the cooling of semiconductors is currently
a significant issue in increasing the performance of optoelectronic devices.! Optical refrig-
eration of material uses an incident light source to induce anti-Stokes fluorescence.?? The
photoluminescence must emit photons with higher energy than the incident photons (energy
up-conversion) to generate a cooling of the material. During the last two decades, the optical
refrigeration of semiconductors has been studied, experimentally and theoretically, in differ-
ent devices.*® In particular, it has been investigated in transition metal dichalcogenides

(TMD). These materials offer remarkable properties in many optoelectronic applications,



thanks, among other things, to their strong light absorption.%” The crystal structure of a
bulk TMD is a stack of two-dimensional (2D) monolayers. A 2D TMD is an atomic layer of
a transition metal (e.g. Mo, W) sandwiched between two atomic layers of chalcogens (e.g.
S, Se, Te). The 2D monolayers are bound by van der Waals interactions. By breaking these
weak bonds, the 2D TMD can be stacked to form van der Waals heterojunctions (vdWH),
offering new properties.®? In a three-layer heterojunction of TMD (MoSe; /WS, /MoSs), Hao
et al. demonstrated an up-conversion of photoluminescence thanks to the ladder band struc-
ture of this vdWH.! Lai et al. showed that enhancing anti-Stokes scattering (i.e. phonon
annihilation) over Stokes scattering (i.e. phonon generation) was possible in 2D WS, thanks
to resonant excitation of the anti-Stokes states, leading to Raman cooling.*! A doubly reso-
nant plasmon cavity can improve the energy up-conversion in TMD.!? Research carried out
on optical refrigeration systematically uses a laser as a light source with an energy close to
the bandgap, or even below, to generate electron-hole (e-h) pairs with an average energy
lower than the thermal energy.!® The energy redistribution of the carriers to get a Fermi-
Dirac distribution does not emit phonons but absorbs them. Here, we show that considering
impact ionisation allows light sources with high-energy photons to be used. Under ideal
impact ionisation, when the photon energy is twice the bandgap of the semiconductor, the
photogenerated electron scatters with a valence electron and transfers its kinetic energy to
induce an additional e-h pair.'* With this carrier multiplication process, a single high-energy
photon generates two e-h pairs of low kinetic energy. This process has been observed exper-
imentally in TMD, where impact ionisation is faster than the phonon emission. Kim et al.
and Zheng et al. reported a carrier multiplication efficiency of 99% and 94% respectively in
thin films of MoTe,. 1516

The radiative process causing optical refrigeration generally requires materials with ra-
diative efficiency close to 1.17!8 To overcome this requirement and based on the principle
of evaporative cooling,!® we previously showed that extracting the photogenerated carriers

into a larger bandgap reservoir generates cooling even with modest radiative efficiencies.?’



Such a device requires a type I heterojunction, as shown in Fig. 1. The small bandgap
absorber absorbs photons to create e-h pairs with an average energy lower than the large
bandgap energy of the reservoir. Once generated, the carriers can either recombine, which is
not desired or absorb phonons to be extracted towards the reservoir at higher energy. The
phonon absorption induces a heat flux from the absorber into the reservoir.

This theoretical work shows that combining evaporative cooling and impact ionisation can
refrigerate the absorber when high-energy photons, particularly sunlight, irradiate the device.
We propose a MoS;/WSe, superlattice to form a small bandgap absorber thick enough to
absorb the incident light efficiently. The reservoir is a MoS, bulk. We have developed a
detailed balance model, including impact ionisation, to study the cooling efficiency of our
device. We have used ab initio calculations to compute the electronic and optical properties
of the TMDs.

The article is organised as follows. First, we present the detailed balance model and
the device architecture. We show the results, starting with the ab initio properties of the
superlattice. Then, using our model, we study the cooling efficiency when the device is
irradiated by a high-energy laser. Finally, we investigate the performance of the device

under sunlight.

Model

This section presents the model based on the detailed balance that simulates optical refrig-
eration based on evaporative cooling in the presence of impact ionisation. The device is a
type I heterojunction shown in Fig. 1. We define £, and E, _, the bandgap energy of
the absorber and the reservoir, respectively. We impose a Fermi-Dirac distribution of the
electron populations in the absorber and the reservoir. It assumes that the carrier-carrier in-
teractions induce an instantaneous thermalisation of electrons in conduction bands and holes

in valence bands.?! Since e-h pair are generated in the absorber, electrons and holes are not
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Figure 1: Schematic representation of a cooling device based on a type I heterojunction.
Carriers are photogenerated in a small bandgap absorber and obey a Fermi-Dirac distribution
with temperature T, and Fermi level splitting Ay = p. — pt,. The photogenerated carriers
absorb phonons to be extracted towards a larger bandgap reservoir. The latter is considered
infinite, and its electronic distribution is given by a Fermi-Dirac distribution with 7" =
Toump = 300 K, electrons and holes in the conduction and valence bands, respectively, share
the same Fermi level: p,..s. The arrows depict the power flux densities P, is the incident
power flux density of the light source, P, is the power flux density generated through
photon absorption, P, is the power flux density of the carrier recombination, Pyponen is the
thermal power flux density absorbed by the carriers and P,,4qc is the power flux density
diffusing into the reservoir.

in equilibrium with each other, nor with phonons. We define two pseudo-Fermi levels . and
1, for the electrons in the conduction band and the holes in the valence band, respectively,
and we define the carrier temperature in the absorber, 7., considered equal for electrons and

holes. The Fermi-Dirac distribution in the absorber is characterised by 7. (which can differ



from room temperature) and a Fermi level splitting Ay = p. — p,. We consider an infinite
reservoir so it can provide or accept carriers without modifying its electronic distribution.
The latter is, therefore, a Fermi-Dirac one at room temperature (7, = 300 K) and with
a zero Fermi level splitting (i.e. electrons and holes are at equilibrium and share the same
Fermi level pi.¢s). In our model, the crystal and phonon temperatures in the absorber are
constant and equal to room temperature. Such a consideration implies an ideal heat dissi-
pation between the absorber and the environment. Since T, differs from room temperature,
there is an energy exchange between the electronic and phononic baths, characterised by heat
exchange in the absorber. In hot-carrier solar cells made of 2D quantum wells, experimental
results have shown that the power flux density exchanged between the two baths (Ppronon)

can be considered proportional to their temperature difference:*?

Pphonon (Tc) = Q(Tc - Tamb)a (1)

where Q, the thermalisation coefficient, is a specific material parameter. We consider this
equation to be true for TMD. This coefficient is related to the electron-phonon scattering
and a low value corresponds to a weak electron-phonon interaction. Since () is positive,
if 7. > 300 K, P,honon is positive and represents a phonon generation in the material. If
T, < 300 K, Pyhonon 1s negative, phonon absorption is predominant.

Impact ionisation results in the generation of multiple e-h pairs following the absorption
of one high-energy photon. To model this phenomenon, we introduce the quantum yield
(QY) function. Tt defines the number of e-h pairs induced by the absorption of one photon
of energy E. QY(E)= 0 when E < E,, since no photon is absorbed. Without impact
ionisation, we impose QY (E)= 1 when £ > E,

i.e. one absorbed photon induces one e-h.

abs?

With ideal impact ionisation, QY (E)= n, when F € [n X E

YGabs)

(n+1) x E,y, [, with n an
integer. With this energy F, one absorbed photon generates n e-h pairs.

Within the detailed balance approach, we define the carrier generation flux in the absorber



Jgen = f;jabs QY(E)¢ZH<E)A(E>dE
Pren =[5 Eu(E)A(E)E

: (2)

where Jg,, is the photogenerated carrier flux and P, is the associated power flux density.
The ¢;, function is the light source’s emission spectrum. In the following, we will use either

a laser or sunlight. A is the absorbance of the absorber, defined by
A(B) =1 - ()L, (3)

where « is the absorption coefficient of the absorber and L is its thickness. In this work,
we compute the absorption coefficient by using ab initio calculations. Impact ionisation is
an elastic phenomenon, so the power flux density induced by the absorption of the incident
light (P,.,,) does not depend on QY. While impact ionisation increases the number of photo-
generated particles, the total energy remains constant. Once absorbed, the carriers can
recombine directly in the absorber or be extracted to the reservoir. The total recombination

of carriers in the absorber is given by

ne(Te)E (1—nc(Te)) ApQY(E)

Jrec<Aﬂ> Tc) 1 fgzabs QY(E)4ngpLOé(E)¢BB(E)€kBTamb e kBTamb

Tlrad

ne(Te)E (1—nc(Te))Ap ) (4)

Pree(Ap, T,) = - f;jabs E4n? Lo(E)¢pp(E)eksTant € *5Tams

Nrad

where J,... is the flux and P,.. is the associated power flux density of carriers lost by radiative
or non-radiative recombination. The derivation of these expressions is shown in Supporting
Information. n,, is the refractive index of the absorber, ¢pp is the blackbody radiation at

room temperature (Ty,s),

21 E?
¢pp(E) = 1502 - a (5)
exp (kBTamb> - 1



where h is Planck’s constant, ¢ is the speed of light in vacuum, kg is Boltzmann’s constant.

In Eq. 4,

Tamb

cTc =1-
ne(T) T

(6)

is the Carnot’s efficiency of the designed cooling device. In Eq. 4, we introduce the external
radiative efficiency coefficient (1,44) to include non-radiative recombinations. 7,44 is the ratio
between the radiative recombination rate and the total recombination rate.?? It is important
to include non-radiative recombination in our model since such a process may reduce the
cooling efficiency and may also generate phonon is the absorber, which could heat up the
later. J,... depends on QY because impact ionisation induces more photogenerated carriers
and, thus, more recombinations. Consequently, the chemical potential of the emitted photons
equals AuxQY, which is required by thermodynamics.?* Again, since the phenomenon is
elastic, impact ionisation does not affect P,.... We define the flux of carriers extracted from

the absorber to the reservoir and the corresponding power flux density by

A st 1 _ 1 dE
Jextract :ua ngMg h3 ( gTeS) (1+exp(mgi§w> 1+exp(ﬁ) . (7)
8mm* _ 1 — !
Pextmct A/La ngres h3 (E EQTES)E (l—i—emp((lng;(;CW) 1+emp<2kB?a'mb)> *

These expressions are based on a three-dimensional (3D) description of the Landauer ap-
proach and use the 3D density-of-states in the reservoirs and the effective mass (m*) ap-
proximation. They have been derived in a previous work.?’ As Jeontaet and Pooniact are
proportional to m*, we use the limiting (smallest) effective mass for the implementation.
Figure 1 schematically showed the power flux densities in the device. The detailed balance

approach imposes a conservation of these fluxes and requires

Jgen - Jrec(A,ua ) + Jeactract<AH7 )

Pgen - Prec(A,u; ) + Pextract(A,uu ) + Pphonon<Tc>



We solve these equations to find 7. and Ay and thus the thermodynamic parameters of
the electronic distribution in the absorber. We define the cooling efficiency 7.p1ing as the
ratio between the cooling power flux in the absorber and P;,, the incident power flux of the
light source. The cooling power flux is the difference between the phonons consumed by the
energy exchange between the phononic and electronic baths (i.e. —Ppnonon) and the phonons
emitted by non-radiative recombination in the absorber (i.e. (1 — 944) © Prec). Thus,

—P, honon — 1— Nrad) * Prec
Neooling = b (ID ) (9)

and P, is given by

P, :/OOEgbm(E)dE. (10)

The absorber is cooled when 7cop1ing > 0. Conversely, when 7coping < 0, there is a heating.

DFT Methods

The ab initio calculations are developed in the framework of plane-wave density functional
theory implemented in the Quantum ESPRESSO package.?>?% We use the generalised gra-
dient approximation (GGA) of Perdew, Burke and Ernzerhof (PBE) to implement the
exchange-correlation functional.?” The van der Waals interactions are included with the
Grimme D3 correction.?® The electron-ion interaction is described with normed-conservative
pseudopotentials produced using the code ONCVPSP (Optimized Norm-Conserving Van-
derbilt PSeudoPotentials)? from pseudo-dojo.org.?® The energy cutoff in the calculations is
set to be 800 eV, and the total energy is converged to better than 107¢ eV. The Hellmann-
Feynman forces are converged to less than 2.5.107% eV/ A to get the relaxed structures. The
Brillouin-Zone is sampled with a (12x12x4) and a (12x12x1) Monkhorste-Park mesh?! for

bulk and slab calculations respectively. To calculate the absorption coefficient, we used the



post-processing code epsilon.x from Quantum ESPRESSO. This code provides the real and

imaginary parts of the dielectric tensor from DFT eigenvalues and eigenvectors.

Results and discussions

Ab wnitio properties of the absorber

The absorber must meet two conditions to obtain an efficient cooling device. It must effi-
ciently absorb the incident photons and must have a small bandgap to enhance the impact
ionisation phenomenon since the QY will be higher for a given photon energy if the mate-
rial’s bandgap is smaller. In a previous study, we showed that a 2D MoS;/WSe; vdWH is a
type II heterojunction and has a smaller bandgap (0.6 V) than isolated 2D MoS; (1.5 V)
or isolated 2D WSe, (1.9 eV).3? Knowing that impact ionisation prevails in TMD, 16 this
heterojunction could be a good absorber. However, since 2D TMD layers absorb only 5 to
10% of the incident light,?3 the 2D vdWH is too thin. This is why we propose stacking sev-
eral periods of this 2D MoSy/WSe; vdWH. In this section, we show that such a superlattice
is particularly adapted to impact ionisation due to its small bandgap and, at the same time,
offers a large absorption of high-energy photons. We use the framework of density functional
theory (DFT) with Quantum Espresso to compute its relaxed crystal structure and its ab ini-
tio band structure, absorption coefficient and projected charge density (see DFT methods).
In DFT, the superlattice is simulated as an infinite repetition of the 2D vdWH along the
out-of-plane direction. We impose that the transition metal of MoS, (WSe,) is aligned with
the chalcogens of WSey (MoS,). This stacking is possible thanks to the moderate difference
between the lattice parameter of isolated 2D MoS, and isolated 2D WSe,.343% In this way,
only six atoms compose the unit cell of the superlattice. Its crystal structure is shown in
Fig. 2. After optimising and relaxing the crystal structures, the lattice parameters of the
isolated 2D MoS,, isolated 2D WSe, and superlattice are 3.185 A, 3.321 A and 3.232A re-

spectively. In the superlattice, MoS, is stretched, and WSes is compressed compared to their

10



isolated counterparts. The lattice parameter of the superlattice is lower than the average
lattice parameter of the isolated 2D MoS, and isolated 2D WSe, since Young’s modulus of
WSe, is about two-thirds of Young’s modulus of MoSs,3¢ making WSe, more deformable. By
construction, the superlattice is a zero average in-plane stress crystal. Such strain-balanced

structure suggests that the critical stack thickness can be very large.3”

=
w
N(D

z direction

Figure 2: (a) Top and (b) side views of the superlattice crystal structure. The Mo, S, W
and Se atoms are represented by grey, yellow, blue and red spheres, respectively. In (a),
the black dotted diamond highlights the unit cell. a4 is the relaxed lattice parameter of
the heterojunction and d is the interlayer distance between the 2D TMD. The unit cell is
repeated ad infinitum along the z direction.

The band structure of the superlattice along I' — M — K — I" path of the first Brillouin
zone (Fig. 3(a)) shows a direct bandgap of 0.6 eV at K point. The bandgap energy of
the superlattice is equal to the bandgap energy of the 2D MoS,;/WSe; vdWH (computed
in a previous work3®). The absorption coefficient « is computed versus the photon energy
E and shown in Fig. 3(b). We impose a(E) = 0 cm™! when E < 0.6 eV since we assume
no absorption below the bandgap of the superlattice. The absorption of the high-energy
photons of the solar spectra (2.5 < F < 4 eV) is efficient, and «(FE) > 6.10° cm ™" (which is
about one order of magnitude higher than the absorption coefficient of GaAs in this energy
range®). When 0.6 < £ < 1 eV, a(E) < 3.10° cm™! (see inset of Fig. 3(b)). So, even
though the bandgap is direct and equals 0.6 eV, the absorption of low-energy photons is

very weak. To explain this weak absorption, we compute the projected charge density at
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Kyp (Fig. 3(c)) and Kep (Fig. 3(d)), the valence band edge and the conduction band
edge at K point, respectively (see black circles in Fig. 3(a)). The charge density at Ky g
is localised in WSe, principally, while at K¢p, the density is localised in MoS, principally.
At K point, the valence band maximum and the conduction band minimum are not in the
same TMD. So, the overlap of the wavefunctions is negligible, and processes that require
wave vector conservation, such as photon absorption, are expected to be weak close to the
bandgap. This observation is at the origin of the weak absorption of low-energy photons (with
0.6 < F < 1.5 eV). Finally, we plot the charge density at 'y, the valence band edge at I'
point (Fig. 3(e)). The charge density is delocalised in both MoS; and WSes. Thus, between
Kep and T'y g, we expect strong absorption and emission for processes that do not require
wave vector conservation, such as impact ionisation which is an Umklapp scattering.*? In
the superlattice, knowing that the energy difference between K¢p and I'y g is only 0.62 eV, a
photon of energy E = 1.24 eV (i.e. twice this energy difference) may induce two low-energy
e-h pairs close to the band edges thanks to impact ionisation. The superlattice, based on
a multiple repetition of 2D MoS, and 2D WSes, is a material offering an extremely large

absorption of high-energy photons and where impact ionisation is expected to be intense.

Cooling efficiency under a high-energy laser

We evaluate the cooling efficiency of the device presented in Fig. 1. The absorber is a 50

nm-thick superlattice (£, , = 0.6 ¢V), and the reservoir is a bulk of MoS,. Its bandgap,

YGabs

computed in DFT, is £, . = 1.0 eV, and the limiting effective mass is m* = 0.3my (with

res

myg the free electron mass). In this section, the light source is a laser that generates photons

with an energy between 4 x E,, and 4 x E,, + 40 meV (in Eq. 2, ¢;, is implemented

Gabs
with a box-car function). In this energy range, the superlattice absorbs 85% of the incident
photons (from Eq. 3, with L = 50 nm, A(E) = 85%) and QY (E) = 4, which highlights the

effect of impact ionisation. Figure 4(a) shows the cooling efficiency as a function of the laser

power, considering an ideal impact ionisation (blue curve) and without impact ionisation (red

12
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Figure 3: (a) Band structure of the superlattice along the I' — M — K — I points of the first
Brillouin zone. The energy reference is set to the middle of the bandgap. (b) Absorption
coefficient « of the superlattice versus the photon energy E. The inset plot is a zoom on the
low energy photon (E < 1.5 eV). (c), (d) and (e) show the isoline projected charge densities
(green shapes) in the superlattice at the band edges Kyp, Kcp and 'y respectively (see
(a) for the nomenclature). The Mo, S, W and Se atoms are represented by grey, yellow, blue
and red spheres, respectively.

WSe,

curve). The superlattice’s radiative efficiency and thermalisation coefficient are unknown
and must be fixed. We set 1,,4 = 1072, corresponding to a material with high radiative
performance.? The thermalisation coefficient is related to the electron-phonon interaction
in the material and has been determined experimentally in GaAs multiple quantum wells
(Qo = 2.10° W.m2.K™1).22 The scattering time constant of GaAs and TMD being of the
same order of magnitude,!® we set Q = Q,. We will later examine the impact of these
two parameters (1., and @) on the cooling efficiency. Without impact ionisation, the

efficiency is below zero regardless of the laser power, and the laser heats the absorber (see

13



Fig. 4(a), red curve). Indeed, the electrons are generated at high energy and thermalise in
the absorber by emitting phonons. On the other hand, we observe a positive efficiency with
ideal impact ionisation when the laser power is lower than 5.10° mW.cm ™2 (see Fig. 4(a), blue
curve), which corresponds to a cooling of the absorber. Electrons generated at high energy
elastically transfer the excess energy to valence electrons to create new e-h pairs. When
the laser power is lower than 10° mW.cm™2, the cooling efficiency of the device is constant,
equal to 62%. Increasing the laser power enhances the flux of photogenerated carriers. At
constant efficiency, increasing the power of the laser enables the extraction of more heat from
the absorber. For laser powers higher than 10° mW.cm ™2, the efficiency decreases until it
becomes negative beyond 5.10° mW.cm™2. To explain the behaviour, Fig. 4(b) shows the
carrier temperature 7, in the absorber versus the laser power, and Fig. 4(c) shows the ratios
Jree/ Jgen a0d Jegiract/ Jgen versus the laser power. For laser powers lower than 10° mW.cm ™2,
the carrier temperature is lower than the ambient temperature and decreases as the power
increases (Fig. 4(b)). In this range, the carrier recombination is negligible (Jyec/Jgen = 0),
and all the generated carriers are extracted to the reservoir (Jegtract/Jgen = 1), see Fig.
4(c). The generated carrier flux is equal to the extracted carrier flux, which increases with
the power of the laser. This increase enables more heat extraction and gradually decreases
the carrier temperature in the absorber. For laser powers higher than 105 mW.cm ™2, the
generated carrier flux is such that the extraction becomes a limiting factor (Jestract/ Jgen < 1).
The carrier recombination increases and has two detrimental consequences on the cooling
efficiency. First, those carriers are not extracted and do not participate in the cooling.
Second, non-radiative recombination induces absorber heating by phonon emission (see Eq.
9). The carrier temperature reaches a minimum and then increases until it becomes higher
than the ambient temperature when the laser power exceeds 5.10° mW.cm ™. Above this
value, the recombination is such that the heating by non-radiative recombination exceeds

the cooling by carrier extraction. The cooling efficiency becomes negative.
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Figure 4: (a) Cooling efficiency ncooiing with ideal (blue curve) and without (red curve) impact
ionisation, (b) carrier temperature T, and (c) carrier flux ratios Jyec/Jgen (red curve) and
Jewtract/ Jgen (blue curve) versus the laser power. The laser generates photons with energy
between 4 x E,,, and 4 x E,, + 40 meV, 1., = 1072 and Q= 2.10° W.m 2K~ ..

Cooling efficiency under solar irradiation

Finally, we explore the performance of the device under solar irradiation. The latter is

implemented with the blackbody spectrum at temperature T%,,, = 5800 K. So

2T E?

32

where C' is the concentration factor, and Qg,, = 2.153 x 1075 sr is the solid angle of the

(rbm(E) =C

qunv (1]-)

sunlight on earth. The 50 nm-thick superlattice absorbs 45% of the incident power flux.
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The cooling efficiency is computed versus the radiative efficiency and the thermalisation
coefficient for different concentrations of the solar flux. In Fig. 5(a), 5(b) and 5(c), the
concentration factor is C' = 1, C' = 10? and C' = 10%, respectively. The radiative efficiency
varies from 1076 to 3.1072, corresponding to the radiative quality of Earth-abundant and
high-performance materials, respectively.** The thermalisation coefficient establishes a linear
relationship between the power flux density exchanged with the phonons and the difference
between the carrier and crystal temperatures (see Eq. 1). Since the linear behaviour has
not been evidenced for TMD and since no experimental values have been measured, we vary
this parameter by six orders of magnitude around the experimental value Qg. Whatever
the solar flux concentration factor, the maximum cooling efficiency achieved by the device
is 28%. Without concentration (Fig. 5(a)), this maximum is reached as soon as the radia-
tive efficiency is higher than 5.107%. Below this value, the cooling efficiency is limited by
non-radiative recombination, which leads to phonon emission and, therefore, heat produc-
tion. The cooling efficiency drops to 17% when the radiative efficiency is 107%. This result
demonstrates that our system works with low radiative efficiencies (e.g. 107%) while most
optical refrigeration systems require radiative efficiency close to unity. Here, with C' = 1,
the thermalisation coefficient does not impact the cooling efficiency. Increasing the concen-
tration factor increases the incident power flux, and since the absorbance is constant, the
photogenerated carrier flux also increases. When C' = 100 (Fig. 5(b)), the 28% maximum
cooling efficiency is reached when the radiative efficiency is higher than 10~* and the ther-
malisation coefficient is higher than 2.10* W.m~2.K~!. Below this value, the electron-phonon
interaction becomes too weak and the photogenerated carriers absorb too few phonons before
being extracted towards the reservoir, leading to an cooling efficiency decrease. Here, with
C = 100, the cooling efficiency can be negative. For instance, when QQ = Qg and 1,..¢ = 107,
Neooting = —15%. The incident power flux is such that the carrier extraction does not balance
the heating induced by non-radiative recombination. When C' = 10* (Fig. 5(c)), the cooling

efficiency can be as low as -42% (e.g. when Q = Qg and 7,4 = 107%). Remembering that the
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superlattice absorbs 45% of the incident sunlight, nearly all the absorbed power is converted
into heat. However, the 28% maximum cooling efficiency is reached when the radiative effi-
ciency is higher than 1072 and the thermalisation coefficient is higher than 10 W.m=2.K~!.
Here, due to the very high generation rate, the electron-phonon interaction must be strong
enough to efficiently extract the carriers. Thus, the cooling efficiency is negative for low
thermalisation coefficient. The device can extract a considerable heat flux if the superlattice
meets these conditions. With C' = 10%, the incident power flux is 1.4.10" W.m~2 and the

cooling power flux (i.€. Neooting X Pin) is then 3.9.10° W.m 2.
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Figure 5: Cooling efficiency 7cooling, i colour scale, versus the external radiative efficiency
Nraa and the thermalisation coefficient () for three different concentrations of the solar flux
((a) C =1, (b) C =10? and (c) C = 10*. The black lines show the iso-efficiencies of -20%,
-10%, 0%, 10% and 20%. Qg is the experimental thermalisation coefficient of GaAs multiple
quantum wells.

Conclusion

To conclude, we used ab initio calculations to investigate a strain-balanced superlattice based
on 2D MoS, and 2D WSe;. We found a direct bandgap semiconductor with a bandgap
energy of 0.6 eV at the K point of the first Brillouin zone. We evidenced a hybridisation
of the electronic states of MoS, and WSes close to the valence band edge at the I' point.
This hybridisation should enhance low-energy absorption and emission processes that do not
require wave vector conservation, such as impact ionisation. However, the optical absorption

is weak below 1.5 eV since the valance and conduction band edges at the K point are
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not located in the same TMD. Based on this superlattice, we propose a cooling device
working under solar flux thanks to impact ionisation. We consider a type I heterojunction
where the small bandgap material is a 50 nm-thick superlattice. By absorbing phonons, the
photogenerated carriers can be extracted at higher energy when the superlattice is connected
to a larger bandgap bulk MoSs, leading to its cooling by evaporation. We demonstrate a
net cooling efficiency of 28% under sunlight, even considering a low radiative efficiency
(Nrag = 1079). Higher radiative efficiencies enable concentrating the solar flux, without

degrading the cooling efficiency to extract more heat from the absorber.
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List of accronyms

2D Two-dimensional

A Absorbance

Q Absorption coefficient

C Concentration factor of the solar flux
c Speed of light in vacuum

DFT Density functional theory

E Photon energy

e-h Electron-hole

E,,. Bandgap energy of the absorber
E,.. Bandgap energy of the reservoir
h Planck’s constant

Jextracte ~ Carrier flux extracted from the absorber to the reservoir
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Jgen Carrier generation flux in the absorber

Jrec Carrier recombination flux in the absorber

kg Boltzmann’s constant

L Thickness of the absorber

e Pseudo-Fermi level of the electrons in the conduction band of the absorber
Hres Fermi level of the reservoir

Ly Pseudo-Fermi level of the holes in the valence band of the absorber

Ap Fermi level splitting in the absorber

Nop Refractive index of the absorber

Ne Carnot’s efficiency of the device

Neooling ~ Cooling efficiency

Nrad External radiative efficiency

Qoun Solid angle of the sunlight on earth

= Incident power flux density of the light source

P.oract Power flux density extracted from the absorber to the reservoir

Pyen, Power flux density generated through photon absorption in the absorber

Pohonon  Power flux density exchanged between the electronic and phononic baths in the absorber

P.. Power flux density of the carrier recombination

¢BB Black body radiation

Oin Emission spectrum of the light source

Q Thermalisation coefficient

Qo Experimental thermalisation coefficient of GaAs multiple quantum wells
QY Quantum yield function

Tomb Room temperature

T, Carrier temperature in the absorber

Toun Sun temperature

TMD Transition metal dichalcogenides
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vdWH  Van der Waals heterojunction.

Supporting Information

A derivation of the carrier flux recombination in the absorber, and the corresponding power

flux density (Eq. 4) is presented.
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