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Laser cooling of a semiconductor material, in which heat is extracted by the emission of photons,
requires near-perfect external radiative efficiency. In this theoretical work, we propose a cooling system
based on carrier extraction in a large-band-gap reservoir. The electron-hole pairs generated in the material
to be cooled are extracted in such a reservoir by absorption of phonons, then carrying a heat flux. With an
analytical detailed-balance model, we show that this concept is applicable even in materials with moderate
external radiative efficiency. Moreover, by adjustment of the band gap of the reservoir to the laser power,
this system can either reach high efficiency or transfer high power with lower efficiency.
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I. INTRODUCTION

Optical refrigeration of solids, originally proposed in
1929, is based on anti-Stokes fluorescence, where the
extracted photoluminescent energy exceeds the energy
of the incident photons. This up-conversion process is
induced by the absorption of thermal energy from the
system, leading to its cooling [1]. Epstein et al. [2]
reported in 1995 the first experimental evidence of laser-
induced refrigeration in a Yb>"-doped glass. Since then,
many advances in the field of rare-earth-doped solids have
been reported and reviewed [3,4]. Besides, great interest
has grown for optical refrigeration of semiconductors to
enhance the performance of many optoelectronic devices
[5]. The refrigeration of semiconductor materials with a
laser requires a laser energy very close to the band gap or
even lower [6]. On the basis of the Sheik-Bahae—Epstein
theory [7], the net laser cooling of a semiconductor can
occur in three different ways: possessing a large energy
difference between the mean photoemission and the inci-
dent photons, having an external radiative efficiency (ERE)
close to unity, and having absorption efficiency near unity
[8]. Laser cooling has been investigated in various semi-
conductors [3,4]. In II-VI materials, Zhang et al. [§]
observed a cooling of 40 K in CdS nanobelts. Ha et al. [9]
reported a net cooling directly from ambient temperature
in lead halide perovskite due to a strong photolumines-
cence up-conversion and an ERE of 99.8%. A dominant
anti-Stokes photoluminescence was reported in germa-
nium nanocrystals, and a laser cooling of 50 K was inferred
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[5]. In III-V semiconductors, even if up-conversion pro-
cesses have been highlighted, no net cooling was observed
because of residual below-band-gap absorption [10] or
because the ERE was not sufficient [11,12]. Theoretical
efforts were conducted to improve the optical refrigera-
tion of semiconductors. Previous studies highlighted the
importance of excitonic resonance [13] and photon recy-
cling [14,15]. Coupled quantum wells [16] and band-gap
engineering [17] were proposed to increase the net cooling
efficiency.

In this theoretical work, we propose basing the cool-
ing on the extraction of the carriers into a large-band-
gap reservoir instead of on their recombination. From
a detailed-balance model, we show that extraction-based
laser cooling can be much more efficient than the cooling
obtained from radiative recombination. Interestingly, this
method works even with a modest ERE. For that, a type-
I heterojunction, consisting of a small-band-gap absorber
connected to a large-band-gap reservoir, can transport ther-
mal energy from the absorber to the reservoir in the form
of potential carrier energy. The laser must photogener-
ate carriers in the absorber with an energy lower than the
band gap of the reservoir. Those carriers are extracted into
the reservoir by absorbing phonons, leading to evaporative
cooling in the absorber. By adjustment of the band offsets
between the absorber and the reservoir, it will be possi-
ble to either have high efficiency at low power or higher
power with lower efficiency. We note that our proposal is
very general and the concept of extraction-based optical
refrigeration should apply to any type-I heterojunction.

This article is organized as follows. We first describe
the system and the approach used to model it. Then, by
varying the system’s architecture, we highlight the origin

© 2023 American Physical Society


https://orcid.org/0000-0002-6625-5001
https://orcid.org/0000-0003-2062-0349
https://orcid.org/0000-0002-1329-8438
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.014066&domain=pdf&date_stamp=2023-07-31
http://dx.doi.org/10.1103/PhysRevApplied.20.014066

DALLA VALLE, BESCOND, MICHELINI, and CAVASSILAS

PHYS. REV. APPLIED 20, 014066 (2023)

of the cooling process. Finally, with realistic parameters,
we show that this process leads to high cooling power, even
with a modest ERE.

I1. MODEL

For clarity, before the simple type-I heterojunction, we
consider the double heterojunction shown in Fig. 1. A
semiconducting absorber, with band gap E,, is set between
two reservoirs. The left (right) reservoir creates a contact in
the valence (conduction) band but offers an infinite barrier
in the conduction (valence) band. When an electron-hole
pair is generated in the absorber, apart from recombining,
the electron (hole) can go only to the right (left) reservoir.
This system then behaves like a solar cell [18]. We design
the reservoirs in such a way that the energy difference
between the valence-band maximum of the left reservoir
and the conduction-band minimum of the right reservoir,
denoted E.,, is greater than E,. An electron in the bot-
tom of the conduction band of the absorber must absorb
phonons to reach the right reservoir (the same for holes and
the left reservoir). In our model, the reservoirs are of infi-
nite size. Thus, they can accept or provide as many carriers
as necessary, without modifying their electronic distribu-
tion, which remains at 300 K. Finally, the Fermi levels
of these two reservoirs can be shifted by applying a bias
V=pr— pr.

To model this system, we use a detailed-balance
approach. In the absorber, we assume a generation rate of
electron-hole pairs equal to the photon flux:

-]gen = fEZ,O ¢in(E)dEa

el 1
Pgen = ng ¢in(E)EdEa ( )

where Jge, is the photon flux and Py, is the correspond-
ing power flux density. In the following, we use a boxcar
function to simulate the laser spectrum ¢, (£).

Once eclectrons and holes have been generated, we
assume that they thermalize instantaneously via carrier-
carrier interactions [19]. Their distribution is then a Fermi
function with a temperature and Fermi level that must
be determined. We assume the same temperature 7, for
electrons and holes, but different Fermi levels u. and iy,
with A = e — uy. In our model, we consider that the
crystal lattice remains at 7, = 300 K, meaning that the
phononic bath remains at 300 K. Therefore, if 7, is dif-
ferent from 300 K, the carriers and the phonons are not
in equilibrium with each other. This implies an exchange
of energy in the direction of equilibrium. Obtaining 7, >
300 K means that the carriers emit phonons, and thus
there is heat transfer from the electronic bath toward the
phononic bath. In contrast, if 7, < 300 K, there is absorp-
tion of phonons and thus heat transfer in the reverse
direction. Recent experimental results [20], concerning
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FIG. 1. The double heterojunction. This system is made of a
small-band-gap absorber between two reservoirs. In the whole
system, the phonon temperature is set to 300 K. We model not
the cooling of the materials but only the heat fluxes. In the reser-
voirs, electrons are always considered at 300 K, and we apply
a bias between the Fermi levels such that V' = puz — .. In our
model, by solving the carrier and power-flux conservation equa-
tions, we calculate T, and Ap = u, — uy, for given Eg, Ecy, V,
and illumination.

hot-carrier solar cells, show that the power exchanged with
the phononic bath can be expressed as

Pphonon(Tc) = Q(Tc — Tamb), (2)

where Q is a coefficient specific to each material and sys-
tem (quantum well or bulk, for example). The higher the
value of this parameter is, the more efficient the energy
transfer between the electronic and phononic baths is. This
offers a simple way to simulate the consequences of com-
plex behaviors such as electron—optical-phonon interac-
tions, electron—acoustic-phonon interactions, and acoustic-
phonon—optical-phonon interactions. For bulk GaAs, Q =
2 x 10° Wm2K~! for a thickness of 100 nm (which is
sufficient to absorb the photon flux). First, we use this
value for our implementations. Subsequently, by varying O
over several orders of magnitude, we show that this factor
has very little effect on the cooling efficiency of our sys-
tem. If 7. < T,mp, carriers in the absorber have consumed
phonons, and then Ppyponon 1S negative.

Once generated and thermalized, the carriers can recom-
bine. To simulate this recombination, we follow the
approach given by Tsai [19]. If the conditions £ >
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kgT and (E — Ap) > kgT are satisfied, we can express
the electronic distribution using the Maxwell-Boltzmann
approximation. Thus,

ne(Te)E (I—nc(Te)) Ap

Jrec(A/,L, Tc) = ﬁfg ¢BB(E)ekBTambe kgTamb dE’

neT)E  (A—nc(Te)) Ap

Peo(Apt, T) = 7= [ Egup(E)e’sTamm e 67w dE,
3)

where
$un(E) = hi’; x £ @)

E
eXp (kBTamb) -1

is the black-body radiation at room temperature Tomp,
given by Plank’s law,

Tom
Ne(Tp) =1— =2

T (5)

J

Jcontact(A,LL, TC) = fEOj} &z_gn*(E - Ecv)

is the Carnot efficiency, Ji is the number of electron-hole
pairs that recombine per unit of time and surface, and Py,
is the corresponding power flux density. The integral part
of Jic corresponds to the emission of a black body ¢pp of
temperature 7, [19]. We then have radiative recombination
(emission of photons). To consider nonradiative recombi-
nation, we divide the radiative recombination by the ERE.
In ITI-V materials and lead halide perovskites, when they
are pure, the ERE is close to 1 [9,11]. On the other hand,
in IV-IV materials with an indirect band gap, the ERE can
be much lower and could reach values as low as 1074 [21].

Rather than recombining, the carriers can also be
extracted into the reservoirs. We have a flux of carriers
through the left and right contacts. Knowing that to con-
serve the total current these fluxes must be equal, we
can write the current and the corresponding power as
follows:

1 1

1+exp((1*']c(Tc))(E*A//v)>

—~ dE
1+exp(zk§?fm)> ’

1 1

2kBTamb

(6)

Pcontact(A/'La Tc) = f;ov &Z%*(E - Ecv) (

The derivation of these original expressions, presented
in detail in the Appendix, is based on the Landauer
approach, which supposes that the electronic distributions
of the absorber and the reservoirs do not directly inter-
act through carrier-carrier scattering. In the model shown
in Fig. 1, by defining three electronic distributions (for
the two reservoirs and the absorber), this assumption is
implicit. The Landauer approach also introduces the notion
of transmission, which is the probability for an electron
to cross the interface without reflection. Here we assume
that this probability is unity, as we consider only the
case where the passage through the contact is perfect.
This ignores the quantum reflection due to the passage
from one material to another, and the possible scatter-
ing on the interface, which is assumed to be perfectly
abrupt. Following a three-dimensional (3D) description
of the Landauer approach, Jeontaet 18 given by the inte-
gration of the term [m*(E — E.,)] times the difference
between the Fermi functions in the absorber and the reser-
voir, where m* is the effective mass in the reservoir
and E is the total energy of the carriers. This term is
derived from the 3D density of states in the reservoirs

p3p = 2m*(E — E,,)/h*m*dk/d(E — E.,), multiplied by
the velocity of the carriers v = 1/2hd(E — E.,)/dk. As
Jeontact and Peontact are proportional to m*, we use the

1+exp((1—nc<TC>J<E—Am) - 1+exp< E_V )) EdE.

2k Tamb 2kp Tamb

(

limiting (smallest) effective mass for the implementation.
For III-V semiconductors, the smallest effective mass is the
effective mass of the I" valley of the conduction band.

Finally, to describe the carrier distribution in the
absorber, we calculate 7, and Ap using the conservation
of particles and power fluxes for a given bias /" and a given
reservoir band gap E.,:

Jgen = Jrec (A, T) + Jeontact (A, Tt),
Pgen = Prec(Apt, Tc) + Peontact (A, Te) + Pphonon(Tc)-
(7

II1. RESULTS AND DISCUSSION

Figure 2 shows Jeontact, I¢, and Ap as a function of
the bias V for E, = 0.74 eV, E., = E; 4+ 0.25 eV, m* =
0.08my (with m, the free electron mass), and incident
power Pge, = 800 Wem™2. The laser generates photons
with energy between E, and E, 4+ 10 meV. This system
has the current-voltage characteristic of a solar cell with
short-circuit current density Jsc = 1068 A cm~2 and open-
circuit voltage Voc = 0.655 V. This is not surprising, since
the system described in Fig. 1 is equivalent to a solar cell
with the p (n) contact on the left (right). When V' = V¢,
we have T, = 299 K and A = 0.656 V. These values are,
respectively, very close to the temperature of the reservoirs
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FIG. 2. (a) Charge current density ¢ X Jeontact, (b) carrier tem-
perature in the absorber 7., and (c) Fermi+level splitting in the
absorber Au as a function of the bias V applied between the two
reservoirs. Calculations are conducted for £, = 0.47 eV, E,, =
0.99 eV, 5aq = 1072, and an illumination power of 800 W cm™>
between E, and E; + 10 meV.

(300 K) and the voltage ¥ = 0.655 V. The electrons (holes)
in the absorber are almost in equilibrium with the elec-
trons (holes) in the right (left) reservoir. At V=0V we
obtain 7, = 282 K and p = 0.576 V. The large value of
the Fermi level splitting, compared to the applied voltage,
indicates that we have an accumulation of cold carriers
in the absorber that are no longer in equilibrium with the
TeServoirs.

To better understand the physical mechanism at V' =
0 V, we show in Fig. 3(a) T, and in Fig. 3(b) Jeontact//gen
and Jiec /Jgen for different values of £, > E; (with £, con-
stant). The laser power is fixed, meaning that Jg., and
Pygen are constants. When E., = E,, the carriers are eas-
ily extracted into the reservoirs (Jeontact/Jeen = 1) and T, =
295 K. On the other hand, when E,, is large, the carriers
are no longer extracted by the contacts (Jeontact/Jgen = 0)
and are all recombined (Jrec/Jgen = 1). We then find the
behavior in Fig. 2(b) at V' = V¢ (zero current and 7, =
299 K). Between these two extreme cases, 7. reaches a
minimum. Starting from E., = E,, T. decreases linearly
with the increase of E.,. Nevertheless, beyond a certain
value of E.,, Jeontact decreases and the temperature rises
with increasing Jiec/Jgen. The carrier temperature is thus
the result of a trade-off between the energy at which the
carriers are extracted and the extraction flux. We are there-
fore dealing with an evaporative cooling, i.e., when the
extraction of high-energy carriers cools the whole distri-
bution [22]. This carrier cooling implies a thermal power
flux from the phononic bath toward the electronic bath,
given by —Pphonon. Another way to interpret this process

o 05 ()
"r:u il jcontact/jgen
€ ! J rec/ J gen
o 04
3 o2t
0.0 . . . -
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
E.E,(eV)
FIG. 3. For the same parameters as used to obtain the results

shown in Fig. 2 (except for E,,), at V=0V, (a) T, and (b) the
current ratios Jeontact/Jgen and Jrec /Jgen are shown versus E, —

Eq.

is that the carriers must absorb phonons to reach the con-
tacts. The higher E,, is, the more phonons are absorbed.
Once the contact is reached, the carriers diffuse into the
reservoir with this thermal energy as potential energy. If
E., is too high, the carriers can no longer reach the con-
tacts. In the case in Fig. 3, the best trade-off is obtained
when £, = E, + 0.28 eV.

We now analyze the carrier temperatures, presented in
Fig. 3, with large E,, and £, = E,. When E., is large, the
contacts isolate the absorber from the reservoirs and we
are in the classical case of radiative cooling with a single
material. The carriers have a temperature lower than 300 K
(299 K) because they are photogenerated with an average
energy (5 meV) lower than thermal energy. When E., =
Egq, we obtain T, = 295 K the fact that this temperature is
lower (295 K against 299 K) shows that the heat extraction
through contacts is more efficient than the heat extraction
based on recombination.

From the analysis performed on the solar cell, we now
propose designing a cooling system with a single reservoir,
typically the type-I heterojunction schematically shown in
Fig. 4. Here, electrons and holes photogenerated in the
absorber evaporate in the same reservoir. Such a reservoir
has to be thick enough to allow the recombination of all the
carriers injected from the absorber with a reduced Fermi-
level splitting. For an infinite reservoir in our model, all
electrons and holes recombine and they share the same
Fermi level s (equivalent to V'=0 V in the system
presented in Fig. 1). We define the cooling efficiency as
the ratio between the cooling power in the absorber and
the generation power imposed by the laser. The cool-
ing power is the balance between the phonons consumed
through Ppponon and the phonons emitted through nonra-
diative recombiation in the absorber [i.e., (1 — 9ag)Prec]-
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FIG. 4. The system with one reservoir. The reservoir being
infinite, all carriers injected from the absorber can recombine in
the reservoir without Fermi-level splitting between electrons and
holes.

As Pphonon 18 negative when phonons are extracted [see Eq.
(2)], the cooling efficiency is defined as

—Pphonon — (I = Nrad) Prec

Peon (8)

Ncooling =

The cooling efficiency 7ncooling is positive (cooling of the
absorber) if Pphonon 18 negative, with an absolute value
greater than (1 — 7paq) Prec.

We explore the potentialities of an Ings3Gag47As/InP
heterojunction as a cooling system controlled by a laser.
We focus on this type-I heterojunction to give a concrete
example, but there is no evidence that this heterojunction is
better than any other heterojunction for refrigeration. Con-
sidering Ings3Gag47As for the absorber (£, = 0.74 eV)
and InP for the infinite reservoir (E., = 1.34 eV), we
compute the cooling efficiency versus the laser power
Pyen, shown Fig. 5. We do this calculation for np,q =1
and 7q = 1072, At low power, for both values of the
Nrad, the process offers high efficiencies. With 1,g = 1
(7ra¢ = 1072), we obtain, for instance, an efficiency of
94% (82%) for Pgen = 80 mW cm™2, which gives a ther-
mal power extracted from the absorber of 75 mW cm™2
(66 mW cm™2). For higher laser powers, when 7q = 1,
the cooling efficiency decreases but remains positive. In
this ideal case, there is no source of heating since there
is no nonradiative recombination. However, the efficiency
decreases with the power Py, because the contacts are
not sufficient to extract all the photogenerated carriers.

100 T T T

= \
— 50k ]
>
2 Neag = 1 \
2 . cooling E,=134¢eV
% heating
2 Nrag = 1072 Ty
S -s0f E, = 0.99 eV Nrag = 107 |
S E.,=134eV
-100 . . : !
10° 10! 102 10° 10* 10°
Incident power (mW cm~2)
FIG. 5. Cooling efficiency 7cooling Versus incident laser power

considering an Ing 53Gag 47 As/InP type-I heterojunction as shown
in Fig. 4 (E, = 0.74 eV and E., = 1.34 eV) with n,q = 1 and
Nraa = 1072, and for a hypothetical case where E,, is reduced to
0.99 eV.

There is then a significant accumulation of carriers, which
implies strong radiative recombinations. We next con-
sider a system with a single material, less efficient, where
the extraction of power is done by radiative recombina-
tions. With 7,4 = 1072, the efficiency decreases as Pgen
increases and becomes negative, corresponding to the heat-
ing of the absorber. In this case, the accumulation of
carriers implies nonradiative recombinations and therefore
heating. For example, for Py, = 10° mW cm™2, the effi-
ciency drops to —93%. To reduce the accumulation of
carriers and therefore recombinations, it would be neces-
sary to choose a system offering a lower E.,. With the
same power Py, and the same absorber Ing 53Gag 47As and
Nad = 1072, but with a reservoir such that E,, = 0.99 eV
(the case in Fig. 2), we obtain an efficiency of 47%. As can
be seen in Fig. 5, with this value of E,,, the efficiency is
very stable over the power range considered. The system
is therefore less efficient at low power but more efficient at
high power.

Next we study the influence of the Q factor on our pro-
posal. This parameter is related to the electron-phonon
scattering in the material. The empirical law, given by
Eq. (2), states that the power flux exchanged between the
electronic and phononic baths (Pphonon) is proportional to
the temperature difference between these two baths (7, —
Tamp). This law comes from studies of hot-carrier solar
cells based on III-V materials, but no value for other mate-
rials has yet been published. To establish the impact of O
on the operation of our device, we calculate the carrier tem-
perature and the cooling efficiency over a wide range of O
(4 orders of magnitude). We conduct these calculations for
the Ing 53Gag.47As/InP heterostructure (£, = 0.74 eV and
E., = 1.34 ¢V) and nq = 1072, As shown in Fig. 5, for
such a device, the laser power (Pge,) must be less than
200 mW cm~2 to induce a net cooling. We next consider
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FIG. 6. (a) Carrier temperature 7. and (b) cooling efficiency

Neooling Versus the electron-phonon scattering parameter Q for
incident laser power of 1 mW cm™2 (blue), 10 mW cm™2 (red),
and 100 mW cm~2 (yellow).

three different laser powers: 1, 10, and 100 mW cm~2.
Figure 6(a) shows the variation of 7, versus Q. Although
T, varies with Q, for the considered range of Q and for
the three laser powers, we have AT = T, — Toamp < 0.6 K.
Figure 6(b) shows the corresponding cooling efficiency
Neooling Versus Q for the same laser powers. Interestingly,
the efficiency does not depend on Q. Indeed, for small AT,
the Carnot efficiency 7. tends to 0 [Eq. (5)] and conse-
quently both P and Peontact are almost independent of 7,
[Egs. (3) and Eq. (6), respectively]. Therefore, Pyhonon [EQ.
(7)] and 7cooling [Eq. (8)] are both principally ruled by the
Nrads Ecv, Eg, and the laser power. This last result is impor-
tant because it shows that our proposal, operating at small
AT, is very robust and can work with a large variety of
materials. Its ability to cool efficiently is governed by the
design of the heterojunction, the laser power, and the ERE.
The electron-phonon scattering rate, even though affect-
ing the carrier temperature, does not influence the cooling
power.

Finally, to experimentally demonstrate the cooling
behavior of our device, we propose an optical character-
ization showing the energy up-conversion of the carriers
(absorption at E, and emission at E.,). An integrating
sphere, recovering all the emitted photons, would enable
us to measure the balance of the particle fluxes and the
corresponding powers [23]. By measuring Pgen, Prec, and
the power emitted by the reservoir and knowing the ERE
of the absorber and the reservoir, one could deduce Pphonon-
This characterization will be done in a future study.

IV. CONCLUSION

Using a detailed-balance model, we present an original
cooling process in an absorber under radiation. The corre-
sponding heat is transformed into carrier energy, which is

extracted into a large-band-gap reservoir. A large band-gap
difference between the reservoir and the absorber increases
the energy carried by each carrier but reduces the num-
ber of these carriers. The best trade-off, which will guide
the choice of materials, depends on the desired cooling
power. Compared with cooling with a single material,
which requires an ERE close to 1, our proposal works
even with a low ERE. Indeed, extracting heat via carrier
transport rather than radiative recombination makes our
system more efficient and adaptable to operating circum-
stances. Experimental confirmation of this process would
be a major advance in heat management in semiconductor
devices.
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APPENDIX: DERIVATION OF Jcontact AND Peontact

Here we demonstrate the formulation of the carrier
flux extracted from the left reservoir to the right reser-
voir (Jeontact), and the corresponding power flux density
(Pcontact), in the system presented in Fig. 1. These relations
are given by Eq. (6). To derive this expression, we first
consider a system with selective contacts, as presented in
Fig. 7.

We define J; as the current flowing from the left reser-
voir to the absorber and Jr as the current flowing from
the absorber to the right reservoir. These two currents are,
respectively, depicted by red and blue arrows in Fig. 7.
The current conservation implies that these two currents
are equal; thus,

Jeontact = JL = Jg. (Al)
To express J; and Jr we use a 3D description of the Lan-
dauer approach. Through selective contact with an energy
window dE, Jp is proportional to the difference between
the electronic Fermi-Dirac distributions in the absorber and
the right reservoir. Thus,

P3Dg

JR =2 % Ug(ﬁibse _fl:eSR)dEa

(A2)

where p3p, is the 3D density of states in the right reservoir,
V'is the volume, v, is the group velocity of the carriers,
the factor of 2 accounts for spin degeneracy, and faps, and
Jresp are the Fermi-Dirac distributions of electrons in the
absorber and the right reservoir, respectively:

1

——— (A3)
1 +exp (E—E;T’Ze>

ff;lbse =
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FIG. 7. The double heterojunction device with selective con-
tacts. Electrons are injected from the right contact to the absorber
with energy E = E, (red arrow) and are extracted from the
absorber to the right contact with energy £ = E. (blue arrow).
The notation is identical to that in Fig. 1.

and

1

fresR = ’
1 +exp (‘Z;T‘”;>

(A4)

where E. is the right-contact selective energy, u, and g
are the electron pseudo-Fermi-levels in the absorber and
the right reservoir, respectively, kp is the Boltzmann con-
stant, and 7, and T, are the temperature in the absorber
and in the right reservoir, respectively.

Similarly, J; is the electron current from the left contact
to the absorber. For further simplification, we express J; as
the hole current from the absorber to the left contact:

P3D,

Jp=2—"+ V — fres; JAE, (A5)

Vg (fabs

where p3p, is the 3D density of states in the left reservoir,
and faps, and fres, are the Fermi-Dirac distributions of holes

in the absorber and the left reservoir, respectively:

“p—Ey
kpTe

1

f;lbsh ==
1 4+ exp (

(A6)

and
1

1 4+ exp (kBLTiE>

fresL = (A7)

where E, is the left-contact selective energy, and u; and
. are the hole pseudo-Fermi-levels in the absorber and
the left reservoir, respectively. The 3D density of states in
the left and right reservoirs is given by

Ar k2 dk 4r k3 dk
103D]_dE = 87'[L3 and ,O3DRdE = 87T1§ 5 (Ag)
7a e

respectively, where k; (kg) is the 3D wave-vector modulus
in the left (right) reservoir. We describe the kinetic energy
of the carriers in the conduction and valence bands using
the effective-mass approximation:

2R

*
2me

i

Ey, =
t 2m*’

and Ep, =

(A9)

where Ej, (Ey,) is the kinetic energy in the left (right)
reservoir, 7 is the reduced Planck constant, and m (m})
is the valence (conduction) effective mass in the left (right)
reservoir. The group velocity v, is given by

1dE
We thus have
1 V ,dk1dE
Jrp=2— esp )AE, All
R V27T2 RdEhdk(ﬂibse fesR) ( )
ZmCEk
Jr = 7T2h3R (fabse _fresR)dEa (AIZ)
16 m*
JR = h CEkR(fabse fresR)dE: (A13)
and
16 m*
J = 3 UEkL(fabs,, — Jres, AE. (A14)

AS Jeontact = J1 = Jg, we have two distinct expressions for

J contact-
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167 m? 1 1
Joontact = 3 EkR i - I dE, (A15)
1 +exp <_]§BT/ze) 1 +exp (k;Ta’;’;)
167 m? 1 1
Jeontact = ijUEk - dE. (A16)
h3 L 1 up—Ey 1 mr—Ey
+ exp “haTo + exp 75 T

We introduce the notation shown in Fig. 7: Ay = w. — up, V= g — 1, and E., = E. — E,. The kinetic energy can
be expressed as £y, = £ — E., /2 or £y, = E — E.,/2. We note that Jeoniacr is proportional to the effective mass, so we
consider the limiting (smallest) effective mass to go further: m* = min{m, m}}. Thus,

lorm* (E — E.p) 1 1
Jcontact = 3 - dEa (Al 7)
167m* (E — E., 1 1
Jeontact = T ( ) - dE, (A18)
h3 2 mh—Ey nr—Ey
1 4+ exp ST 1 +exp Ko Tt

which requires that

Ec_/fLe _ //Lh_Ev

Al9
ks T, ks T, (A19)
and
E, — —E,
KR _ KL , (A20)
kB Tamb kB Tamb
leading to
8mwm* 1 1
Jeontact = h—3(E —Ew) dE. (A21)

teew (S20) 1+ e ()

We note that with ideal selective contacts (dE — 0 and E = E.,) Jeontact tends to zero. To consider the system shown in
Fig. 1 (with semiselective contacts), we integrate Eq. (A21) from E,, to co. Thus,

° 8am* 1 1
Jeontact = / %(E —Ew) E—A - dE. (A22)
Ecy 1+ exp ( 223 T’:) 1 +exp (2 kEB ;:nb>

The carrier temperature in the absorber 7, can be expressed with the Carnot efficiency [Eq. (5)] as T, = Tamb/(1 — 1¢),
leading to the expression given in Eq. (6). To derive the expression for Pcontact, the corresponding power flux density, we
simply note that with selective contacts, P = JE. After integration, we get the expression used in the main text.

[

Observation of laser-induced fluorescent cooling of a solid,
Nature 377, 500 (1995).
[3] Jyothis Thomas, Lauro Maia, Yannick Ledemi, Younes

[1] Peter Pringsheim, Zwei Bemerkungen iiber den Unter- Messaddeq, and Raman Kashyap, in Oxide Electronics
schied von Lumineszenz- und Temperaturstrahlung, Z. (John Wiley & Sons, Ltd, 2021) Chap. 10, p. 353-396.
Phys. 57, 739 (1929). [4] Denis V. Seletskiy, Richard Epstein, and Mansoor

[2] Richard 1. Epstein, Melvin I. Buchwald, Bradley C. Sheik-Bahae, Laser cooling in solids: Advances and
Edwards, Timothy R. Gosnell, and Carl E. Mungan, prospects, Rep. Prog. Phys. 79, 096401 (2016).

014066-8


https://doi.org/10.1007/BF01340652
https://doi.org/10.1038/377500a0
https://doi.org/10.1088/0034-4885/79/9/096401

LASER COOLING IN SEMICONDUCTOR...

PHYS. REV. APPLIED 20, 014066 (2023)

[5] Manuchehr Ebrahimi, Amr S. Helmy, and Nazir P. Kherani,
Plasmon coupling—the root cause of Raman anomaly and
laser cooling in nanocrystal Ge, Adv. Photon. Res. 4,
2200251 (2023).

[6] Muchuan Hua and Ricardo S. Decca, Net energy up-
conversion processes in CdSe/CdS (core/shell) quantum
dots: A possible pathway towards optical cooling, Phys.
Rev. B 106, 085421 (2022).

[7] Mansoor Sheik-Bahae and Richard 1. Epstein, Can Laser
Light Cool Semiconductors?, Phys. Rev. Lett. 92, 247403
(2004).

[8] Jun Zhang, Dehui Li, Renjie Chen, and Qihua Xiong, Laser
cooling of a semiconductor by 40 kelvin, Nature 493, 504
(2013).

[9] Son-Tung Ha, Chao Shen, Jun Zhang, and Qihua Xiong,
Laser cooling of organic—inorganic lead halide perovskites,
Nat. Photon. 10, 115 (2016).

[10] Daniel A. Bender, Jeffrey G. Cederberg, Chengao Wang,
and Mansoor Sheik-Bahae, Development of high quantum
efficiency GaAs/GalnP double heterostructures for laser
cooling, Appl. Phys. Lett. 102, 252102 (2013).

[11] H. Gauck, T. H. Gfroerer, M. J. Renn, E. A. Cornell, and K.
A. Bertness, External radiative quantum efficiency of 96%
from a GaAs/GalnP heterostructure, Appl. Phys. A 64, 143
(1997).

[12] Guan Sun, Ruolin Chen, Yujie J. Ding, and Jacob B. Khur-
gin, Upconversion due to optical-phonon-assisted anti-
Stokes photoluminescence in bulk GaN, ACS Photon. 2,
628 (2015).

[13] G. Rupper, N. H. Kwong, and R. Binder, Large Excitonic
Enhancement of Optical Refrigeration in Semiconductors,
Phys. Rev. Lett. 97, 117401 (2006).

[14] Kuan-Chen Lee and Shun-Tung Yen, Photon recycling
effect on electroluminescent refrigeration, J. Appl. Phys.
111, 014511 (2012).

[15] J.-B. Wang, S. R. Johnson, D. Ding, S.-Q. Yu, and Y.-
H. Zhang, Influence of photon recycling on semiconductor

luminescence refrigeration, J. Appl. Phys. 100, 043502
(2006).

[16] Raphaél S. Daveau, Petru Tighineanu, Peter Lodahl, and
Seren Stobbe, Optical refrigeration with coupled quantum
wells, Opt. Express 23, 25340 (2015).

[17] Jacob B. Khurgin, Band gap engineering for laser cool-
ing of semiconductors, J. Appl. Phys. 100, 113116
(2006).

[18] Nicolas Cavassilas, Imam Makhfudz, Anne-Marie Daré,
Michel Lannoo, Guillaume Dangoisse, Marc Bescond, and
Fabienne Michelini, Theoretical Demonstration of Hot-
Carrier Operation in an Ultrathin Solar Cell, Phys. Rev.
Appl. 17, 064001 (2022).

[19] Chin-Yi Tsai, Theoretical model and simulation of car-
rier heating with effects of nonequilibrium hot phonons in
semiconductor photovoltaic devices, Prog. Photovolt.: Res.
Appl. 26, 808 (2018).

[20] Maxime Giteau, Edouard de Moustier, Daniel Suchet,
Hamidreza Esmaielpour, Hassanet Sodabanlu, Kentaroh
Watanabe, Stéphane Collin, Jean-Frangois Guillemoles,
and Yoshitaka Okada, Identification of surface and volume
hot-carrier thermalization mechanisms in ultrathin GaAs

layers, J. Appl. Phys. 128, 193102 (2020).
[21] Martin A. Green, Radiative efficiency of state-of-the-art

photovoltaic cells: Radiative efficiency of photovoltaic
cells, Prog. Photovolt.: Res. Appl. 20, 472 (2012).

[22] Marc Bescond, Guillaume Dangoisse, Xiangyu Zhu, Chloé
Salhani, and Kazuhiko Hirakawa, Comprehensive Analysis
of Electron Evaporative Cooling in Double-Barrier Semi-
conductor Heterostructures, Phys. Rev. Appl. 17, 014001
(2022).

[23] Kazunobu Kojima, Tomomi Ohtomo, Ken-ichiro Tkemura,
Yoshiki Yamazaki, Makoto Saito, Hirotaka Ikeda, Kenji
Fujito, and Shigefusa F. Chichibu, Determination of abso-
lute value of quantum efficiency of radiation in high quality
GaN single crystals using an integrating sphere, J. Appl.
Phys. 120, 015704 (2016).

014066-9


https://doi.org/10.1002/adpr.202200251
https://doi.org/10.1103/PhysRevB.106.085421
https://doi.org/10.1103/PhysRevLett.92.247403
https://doi.org/10.1038/nature11721
https://doi.org/10.1038/nphoton.2015.243
https://doi.org/10.1063/1.4811759
https://doi.org/10.1007/s003390050455
https://doi.org/10.1021/acsphotonics.5b00015
https://doi.org/10.1103/PhysRevLett.97.117401
https://doi.org/10.1063/1.3676249
https://doi.org/10.1063/1.2219323
https://doi.org/10.1364/OE.23.025340
https://doi.org/10.1063/1.2395599
https://doi.org/10.1103/PhysRevApplied.17.064001
https://doi.org/10.1002/pip.3021
https://doi.org/10.1063/5.0027687
https://doi.org/10.1002/pip.1147
https://doi.org/10.1103/PhysRevApplied.17.014001
https://doi.org/10.1063/1.4955139

	I. INTRODUCTION
	II. MODEL
	III. RESULTS AND DISCUSSION
	IV. CONCLUSION
	ACKNOWLEDGMENTS
	A. APPENDIX: DERIVATION OF Jcontact AND Pcontact
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


