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Laser Cooling in Semiconductor Heterojunctions by Extraction of
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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 Yb3+-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. [8]
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
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of the cooling process. Finally, with realistic parameters,
we show that this process leads to high cooling power, even
with a modest ERE.

II. MODEL

For clarity, before the simple type-I heterojunction, we
consider the double heterojunction shown in Fig. 1. A
semiconducting absorber, with band gap Eg , 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 Ecv, is greater than Eg . 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 = μR − μL.

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:

Jgen = ∫∞
Eg

φin(E)dE,

Pgen = ∫∞
Eg

φin(E)EdE,
(1)

where Jgen is the photon flux and Pgen is the correspond-
ing power flux density. In the following, we use a boxcar
function to simulate the laser spectrum φin(E).

Once electrons 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 Tc for
electrons and holes, but different Fermi levels μe and μh,
with �μ = μe − μh. In our model, we consider that the
crystal lattice remains at Tamb = 300 K, meaning that the
phononic bath remains at 300 K. Therefore, if Tc 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 Tc >

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 Tc < 300 K, there is absorp-
tion of phonons and thus heat transfer in the reverse
direction. Recent experimental results [20], concerning

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 = μR − μL. In our
model, by solving the carrier and power-flux conservation equa-
tions, we calculate Tc and �μ = μe − μh for given Eg , Ecv , 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 × 105 W m−2 K−1 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 Q
over several orders of magnitude, we show that this factor
has very little effect on the cooling efficiency of our sys-
tem. If Tc < Tamb, carriers in the absorber have consumed
phonons, and then Pphonon is 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 E �
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kBT and (E − �μ) � kBT are satisfied, we can express
the electronic distribution using the Maxwell-Boltzmann
approximation. Thus,

Jrec(�μ, Tc) = 1
ηrad

∫∞
Eg

φBB(E)e
ηc(Tc)E
kBTamb e

(1−ηc(Tc))�μ
kBTamb dE,

Prec(�μ, Tc) = 1
ηrad

∫∞
Eg

EφBB(E)e
ηc(Tc)E
kBTamb e

(1−ηc(Tc))�μ
kBTamb dE,

(3)

where

φBB(E) = 2π

h3c2 × E2

exp
(

E
kBTamb

)
− 1

(4)

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

ηc(Tc) = 1 − Tamb

Tc
(5)

is the Carnot efficiency, Jrec is the number of electron-hole
pairs that recombine per unit of time and surface, and Prec
is the corresponding power flux density. The integral part
of Jrec corresponds to the emission of a black body φBB of
temperature Tc [19]. We then have radiative recombination
(emission of photons). To consider nonradiative recombi-
nation, we divide the radiative recombination by the ERE.
In III-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 10−4 [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:

Jcontact(�μ, Tc) = ∫∞
Ecv

8πm∗
h3 (E − Ecv)

(
1

1+exp
(

(1−ηc(Tc))(E−�μ)
2kBTamb

) − 1
1+exp

(
E−V

2kBTamb

)

)

dE,

Pcontact(�μ, Tc) = ∫∞
Ecv

8πm∗
h3 (E − Ecv)

(
1

1+exp
(

(1−ηc(Tc))(E−�μ)
2kBTamb

) − 1
1+exp

(
E−V

2kBTamb

)

)

EdE.

(6)

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, Jcontact is given by the inte-
gration of the term [m∗(E − Ecv)] 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
ρ3D = 2m∗(E − Ecv)/�

2π2dk/d(E − Ecv), multiplied by
the velocity of the carriers v = 1/2�d(E − Ecv)/dk. As
Jcontact and Pcontact are proportional to m∗, we use the

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

Finally, to describe the carrier distribution in the
absorber, we calculate Tc and �μ using the conservation
of particles and power fluxes for a given bias V and a given
reservoir band gap Ecv:

Jgen = Jrec(�μ, Tc) + Jcontact(�μ, Tc),
Pgen = Prec(�μ, Tc) + Pcontact(�μ, Tc) + Pphonon(Tc).

(7)

III. RESULTS AND DISCUSSION

Figure 2 shows Jcontact, Tc, and �μ as a function of
the bias V for Eg = 0.74 eV, Ecv = Eg + 0.25 eV, m∗ =
0.08m0 (with m0 the free electron mass), and incident
power Pgen = 800 W cm−2. The laser generates photons
with energy between Eg and Eg + 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 = VOC,
we have Tc = 299 K and �μ = 0.656 V. These values are,
respectively, very close to the temperature of the reservoirs
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(a)

(b)

(c)

FIG. 2. (a) Charge current density q × Jcontact, (b) carrier tem-
perature in the absorber Tc, and (c) Fermi+level splitting in the
absorber �μ as a function of the bias V applied between the two
reservoirs. Calculations are conducted for Eg = 0.47 eV, Ecv =
0.99 eV, ηrad = 10−2, and an illumination power of 800 W cm−2

between Eg and Eg + 10 meV.

(300 K) and the voltage V = 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 = 0 V we
obtain Tc = 282 K and μ = 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
reservoirs.

To better understand the physical mechanism at V =
0 V, we show in Fig. 3(a) Tc and in Fig. 3(b) Jcontact/Jgen
and Jrec/Jgen for different values of Ecv > Eg (with Eg con-
stant). The laser power is fixed, meaning that Jgen and
Pgen are constants. When Ecv = Eg , the carriers are eas-
ily extracted into the reservoirs (Jcontact/Jgen = 1) and Tc =
295 K. On the other hand, when Ecv is large, the carriers
are no longer extracted by the contacts (Jcontact/Jgen = 0)
and are all recombined (Jrec/Jgen = 1). We then find the
behavior in Fig. 2(b) at V = VOC (zero current and Tc =
299 K). Between these two extreme cases, Tc reaches a
minimum. Starting from Ecv = Eg , Tc decreases linearly
with the increase of Ecv. Nevertheless, beyond a certain
value of Ecv, Jcontact decreases and the temperature rises
with increasing Jrec/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

(a)

(b)

FIG. 3. For the same parameters as used to obtain the results
shown in Fig. 2 (except for Ecv), at V = 0 V, (a) Tc and (b) the
current ratios Jcontact/Jgen and Jrec/Jgen are shown versus Ecv −
Eg .

is that the carriers must absorb phonons to reach the con-
tacts. The higher Ecv 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
Ecv 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 Ecv = Eg + 0.28 eV.

We now analyze the carrier temperatures, presented in
Fig. 3, with large Ecv and Ecv = Eg . When Ecv 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 Ecv =
Eg , we obtain Tc = 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 μres (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 Pphonon and the phonons emitted through nonra-
diative recombiation in the absorber [i.e., (1 − ηrad)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 is negative when phonons are extracted [see Eq.
(2)], the cooling efficiency is defined as

ηcooling = −Pphonon − (1 − ηrad)Prec

Pgen
. (8)

The cooling efficiency ηcooling is positive (cooling of the
absorber) if Pphonon is negative, with an absolute value
greater than (1 − ηrad)Prec.

We explore the potentialities of an In0.53Ga0.47As/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 In0.53Ga0.47As for the absorber (Eg = 0.74 eV)
and InP for the infinite reservoir (Ecv = 1.34 eV), we
compute the cooling efficiency versus the laser power
Pgen, shown Fig. 5. We do this calculation for ηrad = 1
and ηrad = 10−2. At low power, for both values of the
ηrad, the process offers high efficiencies. With ηrad = 1
(ηrad = 10−2), 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 ηrad = 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 Pgen because the contacts are
not sufficient to extract all the photogenerated carriers.

FIG. 5. Cooling efficiency ηcooling versus incident laser power
considering an In0.53Ga0.47As/InP type-I heterojunction as shown
in Fig. 4 (Eg = 0.74 eV and Ecv = 1.34 eV) with ηrad = 1 and
ηrad = 10−2, and for a hypothetical case where Ecv 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 ηrad = 10−2, 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 Pgen = 105 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 Ecv. With the
same power Pgen and the same absorber In0.53Ga0.47As and
ηrad = 10−2, but with a reservoir such that Ecv = 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 Ecv, 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 (Tc −
Tamb). 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 Q
on the operation of our device, we calculate the carrier tem-
perature and the cooling efficiency over a wide range of Q
(4 orders of magnitude). We conduct these calculations for
the In0.53Ga0.47As/InP heterostructure (Eg = 0.74 eV and
Ecv = 1.34 eV) and ηrad = 10−2. As shown in Fig. 5, for
such a device, the laser power (Pgen) must be less than
200 mW cm−2 to induce a net cooling. We next consider
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(a)

(b)

FIG. 6. (a) Carrier temperature Tc and (b) cooling efficiency
ηcooling 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 Tc versus Q. Although
Tc varies with Q, for the considered range of Q and for
the three laser powers, we have �T = Tc − Tamb < 0.6 K.
Figure 6(b) shows the corresponding cooling efficiency
ηcooling versus Q for the same laser powers. Interestingly,
the efficiency does not depend on Q. Indeed, for small �T,
the Carnot efficiency ηc tends to 0 [Eq. (5)] and conse-
quently both Prec and Pcontact are almost independent of Tc
[Eqs. (3) and Eq. (6), respectively]. Therefore, Pphonon [Eq.
(7)] and ηcooling [Eq. (8)] are both principally ruled by the
ηrad, Ecv, Eg , and the laser power. This last result is impor-
tant because it shows that our proposal, operating at small
�T, 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 Eg and emission at Ecv). 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 Pcontact

Here we demonstrate the formulation of the carrier
flux extracted from the left reservoir to the right reser-
voir (Jcontact), 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 JL 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,

Jcontact = JL = JR. (A1)

To express JL and JR we use a 3D description of the Lan-
dauer approach. Through selective contact with an energy
window dE, JR is proportional to the difference between
the electronic Fermi-Dirac distributions in the absorber and
the right reservoir. Thus,

JR = 2
ρ3DR

V
vg(fabse − fresR)dE, (A2)

where ρ3DR is the 3D density of states in the right reservoir,
V is the volume, vg is the group velocity of the carriers,
the factor of 2 accounts for spin degeneracy, and fabse and
fresR are the Fermi-Dirac distributions of electrons in the
absorber and the right reservoir, respectively:

fabse = 1

1 + exp
(

Ec−μe
kBTc

) (A3)
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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 = Ev (red arrow) and are extracted from the
absorber to the right contact with energy E = Ec (blue arrow).
The notation is identical to that in Fig. 1.

and

fresR = 1

1 + exp
(

Ec−μR
kBTamb

) , (A4)

where Ec is the right-contact selective energy, μe and μR
are the electron pseudo-Fermi-levels in the absorber and
the right reservoir, respectively, kB is the Boltzmann con-
stant, and Tc and Tamb are the temperature in the absorber
and in the right reservoir, respectively.

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

JL = 2
ρ3DL

V
vg(fabsh − fresL)dE, (A5)

where ρ3DL is the 3D density of states in the left reservoir,
and fabsh and fresL are the Fermi-Dirac distributions of holes

in the absorber and the left reservoir, respectively:

fabsh = 1

1 + exp
(

μh−Ev

kBTc

) (A6)

and

fresL = 1

1 + exp
(

μL−Ev

kBTamb

) , (A7)

where Ev is the left-contact selective energy, and μh and
μL 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

ρ3DLdE = 4πk2
Ldk

8π3

V

and ρ3DRdE = 4πk2
Rdk

8π3

V

, (A8)

respectively, where kL (kR) 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:

EkL = �2k2
L

2m∗
v

and EkR = �2k2
R

2m∗
c

, (A9)

where EkL (EkR) is the kinetic energy in the left (right)
reservoir, � is the reduced Planck constant, and m∗

v (m∗
c )

is the valence (conduction) effective mass in the left (right)
reservoir. The group velocity vg is given by

vg = 1
�

dE
dk

. (A10)

We thus have

JR = 2
1
V

V
2π2 k2

R
dk
dE

1
�

dE
dk

(fabse − fresR)dE, (A11)

JR = 2m∗
cEkR

π2�3 (fabse − fresR)dE, (A12)

JR = 16πm∗
c

h3 EkR(fabse − fresR)dE, (A13)

and

JL = 16πm∗
v

h3 EkL(fabsh − fresL)dE. (A14)

As Jcontact = JL = JR, we have two distinct expressions for
Jcontact:

014066-7
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Jcontact = 16πm∗
c

h3 EkR

⎛

⎝ 1

1 + exp
(

Ec−μe
kBTc

) − 1

1 + exp
(

Ec−μR
kBTamb

)

⎞

⎠ dE, (A15)

Jcontact = 16πm∗
v

h3 EkL

⎛

⎝ 1

1 + exp
(

μh−Ev

kBTc

) − 1

1 + exp
(

μL−Ev

kBTamb

)

⎞

⎠ dE. (A16)

We introduce the notation shown in Fig. 7: �μ = μe − μh, V = μR − μL, and Ecv = Ec − Ev. The kinetic energy can
be expressed as EkL = E − Ecv/2 or EkR = E − Ecv/2. We note that Jcontact is proportional to the effective mass, so we
consider the limiting (smallest) effective mass to go further: m∗ = min{m∗

c , m∗
v}. Thus,

Jcontact = 16πm∗

h3

(E − Ecv)

2

⎛

⎝ 1

1 + exp
(

Ec−μe
kBTc

) − 1

1 + exp
(

Ec−μR
kBTamb

)

⎞

⎠ dE, (A17)

Jcontact = 16πm∗

h3

(E − Ecv)

2

⎛

⎝ 1

1 + exp
(

μh−Ev

kBTc

) − 1

1 + exp
(

μL−Ev

kBTamb

)

⎞

⎠ dE, (A18)

which requires that

Ec − μe

kBTc
= μh − Ev

kBTc
(A19)

and

Ec − μR

kBTamb
= μL − Ev

kBTamb
, (A20)

leading to

Jcontact = 8πm∗

h3 (E − Ecv)

⎛

⎝ 1

1 + exp
(

Ecv−�μ

2kBTc

) − 1

1 + exp
(

Ecv−V
2kBTamb

)

⎞

⎠ dE. (A21)

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

Jcontact =
∫ ∞

Ecv

8πm∗

h3 (E − Ecv)

⎛

⎝ 1

1 + exp
(

E−�μ

2kBTc

) − 1

1 + exp
(

E−V
2kBTamb

)

⎞

⎠ dE. (A22)

The carrier temperature in the absorber Tc can be expressed with the Carnot efficiency [Eq. (5)] as Tc = Tamb/(1 − ηc),
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.
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