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The past few decades have witnessed tremendous progress in 
developing light-emitting diodes (LEDs) from low-power 
signal light indicators to the most energy-efficient commer-

cial general lighting technology1. Fundamentally, and in contrast 
to the incandescent light sources, the success of LEDs is largely 
based on electroluminescence, allowing the dramatic enhance-
ment of the spontaneous emission of radiation at desired parts of 
the spectrum, without intentionally heating the light source. While 
the principle of electroluminescence was identified more than a 
century ago2, the first LEDs and lasers using gallium arsenide 
(GaAs) to produce visible light appeared in the 1960s3. Since then, 
extensive research and development work has been carried out  
to perfect LED technology, with LEDs now dominating multiple 
signalling, display and lighting applications.

Despite intense research, early identification of the role of ther-
mal energy in electroluminescence4–7 and the nigh complete under-
standing of the associated physics, it is still not widely recognized 
that the currently ubiquitous LEDs are not just simple electricity-
to-light converters. Instead, they are solid-state thermodynamic 
machines that are capable of continuous and near-reversible energy 
conversion between electrical, thermal and optical energy. In prac-
tice, this means that instead of heating up while emitting light, LEDs 
can actually cool down ‘by themselves’. Given that the cooling is 
based on photon-mediated heat transfer, which may allow efficient 
operation over a large temperature range, being able to demonstrate 
the cooling effect has inherent scientific value. Even more impor-
tantly, however, it may lead to a currently unexpected cooling and 
heating technology that provides a more efficient replacement to 
the widely used thermoelectric coolers (TECs), or even the ubiq-
uitous mechanical heat pumps and refrigerators. Consequently, 
such solid-state optical refrigerators and heat pumps could be very 
compact, thin, lightweight, noiseless and vibrationless. They would 
also not require any hydrofluorocarbon refrigerants and mechanical 
parts present in compressor-based devices, and they would poten-
tially be able to substantially surpass the largest possible tempera-
ture differences reached by thermoelectric devices. As such, they 
could find use in multiple applications, from on-chip cooling of 
electronic circuits and sensors to general cooling and heating pur-
poses in the vehicular, domestic and industrial sectors, from near 

room temperature to close to cryogenic temperatures, all without 
environmentally harmful refrigerants.

At present, the cooling potential of LEDs is still hidden by the 
presence of several non-idealities and the partly conflicting indus-
trially driven requirement to maximize the absolute output power 
of visible LEDs. Nevertheless, the fundamental thermodynamics  
clearly reveals that optical refrigeration will become possible when 
the electricity-to-light conversion efficiency of LEDs, generally 
called the wall-plug efficiency (WPE), exceeds the 100% limit. 
Reaching this limit will consequently allow a new operating regime 
for LEDs, enabling completely new functions and applications for 
optical technologies.

With state-of-the-art LEDs providing efficiencies surpassing  
80% (ref. 8), and the internal and external quantum efficiencies 
(abbreviated as IQEs and EQEs, respectively) of GaAs materials 
exceeding 99% (refs. 9–11), it is justified to ask if, when and how 
we could more efficiently harness the thermodynamics of light, to 
develop more sustainable and efficient solid-state heat pump tech-
nologies or cryogenic coolers. Recently, this research direction has 
started to gather more interest among several research groups12–22, 
but thoroughly answering this question will require a substan-
tial amount of new insight and technological development, as the 
deceivingly simple LED encapsulates multiple complex and inter-
twined features related to physics and technology.

Here we briefly overview the history, fundamental principles 
and potential of using electroluminescent cooling (ELC) in ther-
mophotonic cooling applications, and address the recent prog-
ress and key challenges that need to be considered to harness  
this potential in practice.

Thermodynamics of electroluminescence
Fundamentally, the possibility of optical refrigeration originates 
from certain materials’ capability to support and maintain an elec-
tronic excitation that can enhance the spontaneous emission beyond 
its thermal value, as described in Box 1. This allows optical energy 
to flow even against a thermal gradient and, obviously, requires 
an external source providing energy for the photons. However, as 
dictated by thermodynamics, a part of the energy of spontaneously 
emitted light always originates from the thermal energy present in 

Thermophotonic cooling with light-emitting 
diodes
Toufik Sadi    ✉, Ivan Radevici and Jani Oksanen

The currently ubiquitous light-emitting diodes (LEDs) have revolutionized the lighting industry. Contrary to common belief, 
however, LEDs are much more than just simple electricity-to-light converters. They are solid-state thermodynamic machines, 
theoretically capable of continuous and near-reversible energy conversion between electrical, thermal and optical energy. For 
over 50 years, the possibility of exploiting LEDs as efficient solid-state coolers has remained largely out of reach due to the 
high-material-quality requirements and commercial focus on light emission. Recent promising advances in electroluminescent 
cooling by LEDs, however, suggest that the remaining challenges in the area may be surmountable and practical cooling could 
be feasible. This Perspective discusses recent achievements in electroluminescent cooling, outlining the expected promise,  
the remaining challenges and their potential solutions.

NaTuRe PhOTONIcS | VOL 14 | ApriL 2020 | 205–214 | www.nature.com/naturephotonics 205

mailto:toufik.sadi@aalto.fi
http://orcid.org/0000-0003-1451-5163
http://crossmark.crossref.org/dialog/?doi=10.1038/s41566-020-0600-6&domain=pdf
http://www.nature.com/naturephotonics


PersPective NaTuRE PhoToNiCs

Box 1 | Principles of thermophotonics and efficiency indicators

Principles of thermophotonics. As described by Würfel36, the 
spectral irradiance E of luminescence is given by the product of 
the photon energy ħω, the optical absorptivity Ab of the object, 
the optical density of states ρ and the generalized Bose–Einstein 
distribution F as

E ℏω;U;Tð Þ ¼ ℏωAb ℏωð Þ ℏωð Þ2

4π2ℏ3c2|fflfflfflffl{zfflfflfflffl}
ρ

1
exp ℏω� qUð Þ=kBT½  � 1|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

F ℏω�qUð Þ;Tð Þ

ð1Þ

where c is the speed of light in the media transporting or gener-
ating the light, U is the voltage corresponding to the electronic 
excitation (that is, the quasi-Fermi level separation between the 
conduction and valence bands of the excited semiconductor) 
and T is the emitter temperature. The irradiance J

I
 of the object, 

including the luminescence above the bandgap (Eg) and the ther-
mal radiation below the gap, is consequently given by

J U;T;Eg
� 

¼
Z 1

Eg

E ℏω;U ;Tð Þdℏω|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}
luminescence

þ
Z Eg

0
E ℏω; 0;Tð Þdℏω|fflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflffl}

thermal emission

ð2Þ

The essential and only difference to pure thermal radiation in 
equations (1) and (2) is that the electrical excitation U modifies 
the emission rate above the bandgap through its contribution 
to the distribution function F and thereby strongly enhances 
the spontaneous emission rate of high-energy photons. From  
the definition of the chemical potential, it further follows that 
the work needed to create a single photon above the bandgap is 
equal to qU (and 0 eV below the gap), and the electrical power 
P per unit surface area needed to drive the light emission of an 
LED in a lossless thermophotonic system, consisting of the emitter  
and the (here homogeneous) environment absorbing the radiation, 
is correspondingly

P ¼ Ub � Uað ÞJ ¼ Ub � Uað Þ
R1
Eg

q
ℏω

E ℏω;U;Tð Þ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}
emission

�E ℏω;UA;TAð Þ|fflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflffl}
absorption

2
64

3
75dℏω

ð3Þ

where Ub ≥ U is the external bias of the LED, Ua ≤ UA and UA ≤ U 
are, respectively, the external bias of the absorbing environment 
and the chemical potential of the optical field in the environment, 
TA is the ambient temperature and J is the net radiative current 
density through the LED, consisting of the difference between the 
emission by the LED and the absorption of photons originating 
from the environment. The absorption term reciprocally follows 
the generalized spectral irradiance formula of equation (1), gen-
eralizing the description for thermophotonic energy recycling, 
where the environment also interacts with the emitter and can 
involve a semiconductor system that harvests energy from the 
emitted light. Considering the above relations, the conservation 
of energy further dictates that to emit a photon of energy ħω, it 
is necessary to also absorb a thermal energy ħω − qU and the net 
heat flux (per unit equivalent area) captured by the emitted pho-
tons becomes Q ¼ J ðU ; T; EgÞ � J ðUA; TA; EgÞ � UbJ

I
. Using 

the above relations, it is easy to verify that at the monochromatic 
limit with A(ħω) = δ(ħω – ħω0), the COP of the cooling

COP ¼ Q
P
! ℏω0 � qUb

ℏωb � qUa
�!Q!0

COPCarnot ¼
T

TA � T
ð4Þ

approaches the Carnot limit when Q → 0, (qU – ħω0)TA = 
(qUA – ħω0)T and the electrical biases are equal to the excita-
tions, that is, Ub = U and Ua = UA. At this limit, the processes are  
also fully reversible and the same considerations apply to  
energy harvesting.

Efficiency indicators. The efficiency of a thermophotonic system 
is affected by several physical phenomena as well as the device 
characteristics. Consequently also, the analysis of the systems 
typically involves a number of useful figures of merit, most of 
which are also applied in the analysis of LEDs. The IQE of the LED 
is the ratio of radiative recombination events to all recombination 
events, and is typically approximated using the ABC model:

ηIQE ¼ Bn2

Anþ Bn2 þ Cn3 þP
s Asns

�  ð5Þ

where A, B and C are the recombination constants for the SRH, 
radiative and Auger processes, respectively, As is the surface/
interface recombination coefficient, and n and ns are the minority 
carrier densities in the active region and at the surface/interface, 
respectively. The EQE of the LED is the ratio of extracted photons 
to injected carriers, and it is related to the IQE by

ηEQE ¼ ηEXE ηinj ηIQE ð6Þ

where ηEXE is the light extraction efficiency and ηinj is the injection 
efficiency (typically ~1 for III–V DHJ structures at practical oper-
ating biases). In thermophotonic structures where the light is not 
extracted to air but collected by a photovoltaic cell, a more mean-
ingful quantum efficiency for the photon transport is the CQE, 
defined as the ratio of the recovered photocurrent to the current 
injected to the light emitter20. While the various quantum effi-
ciencies determine how large a fraction of the charge carriers or 
photons is used for their intended purposes, the voltage efficiency 
ηU of the LED describes how much energy each emitted photon 
produces, with respect to the electrical energy used to generate it. 
It can be approximated using the relation

ηU ¼ ℏω
qUb

¼ ℏω
q U þ RIð Þ ð7Þ

where ħω is again the photon energy, Ub is the applied external 
LED bias, U is the internal LED bias corresponding to the effective 
separation of the quasi-Fermi levels, R is the parasitic series resis-
tance and I is the LED current. The WPE is the electricity-to-light 
conversion efficiency of an LED and it is given by

ηWPE ¼ ηU ηQE ð8Þ

where ηQE is the appropriate quantum efficiency, such as the LED 
EQE or a thermophotonics device’s CQE (or, more accurately, the 
quantum efficiency for light emission, if available). If the WPE 
exceeds unity, the LED is able to radiate out more power than it 
receives from the external power supply, indicating the entrance 
into the ELC regime. Finally, upon considering the full range of 
thermophotonic applications, it becomes natural to define the 
COP for the cooling in accordance with the conventional thermo-
dynamic definitions and the section ‘Principles of thermophoton-
ics’ above. To eliminate the strong temperature dependence and to 
compare the performance with the fundamental laws, it is useful 
to use the SCOP, obtained by dividing the COP by the correspond-
ing Carnot-limited COPCarnot.
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the emitting material. Consequently, light emission can cool down 
the emitter if the amount of thermal energy extracted by the light 
exceeds the parasitic heating caused by the non-radiative relaxation 
processes and other heat-generating non-idealities.

The most mature direct-bandgap semiconductors can be excited 
externally by both electrical and optical means, allowing optical 
cooling by electroluminescence and photoluminescence (photolu-
minescent cooling (PLC)), as illustrated in Fig. 1. In ELC (Fig. 1a,  
left), the electron–hole pairs entering an LED are provided an 
energy qUb by a bias voltage source Ub (q is the elementary charge). 
On average, they acquire an energy ħω – qUb during the thermaliza-
tion processes they undergo on their way to the active region with 
a bandgap Eg, mainly determining the average energy ħω ≥ Eg of 
the emitted photons (ħ is Planck’s constant and ω is the angular 
photon frequency). For PLC (Fig. 1b, left), in contrast, and as first 
reported already a century ago23, the heat capture process is based 
on a blueshift of a pump laser tuned close to Eg. With sufficiently 
fast carrier thermalization processes, the spectrum of the re-emitted 
light is thermally distributed, leading to an average emitted photon 
energy exceeding that of the absorbed light. The past 25 years have 
witnessed substantial advances for PLC in doped crystals24–28. From 
the thermodynamics point of view, the only difference between 
PLC and ELC is the method with which the emitter is excited. This 
difference nevertheless leads to several different challenges for 
the two approaches. For example, PLC using III–V semiconduc-
tors has thus far been largely barred by the fast decay of excitation  
efficiency when the pump photon energy falls close to or below Eg 
(ref. 9), whereas for ELC, such low-energy excitation does not pres-
ent a problem. Due to this and the potential benefits PLC provides 
at very low temperatures, by not necessitating a p–n junction whose 
performance will be degraded by carrier freeze-out at low temper-
atures, PLC may hold the greatest promise for cryogenic cooling. 
However, the topic of PLC has been previously reviewed in litera-
ture27, and hence is not discussed in detail in this Perspective.

In general, all light emission and absorption phenomena — 
most often considered in partial isolation, for example, in LEDs 
and photovoltaic devices — should be considered in the frame-
work of thermophotonics that specifically accounts for the insepa-
rable thermodynamic coupling of light emission and absorption. As 
such, thermophotonics extends and unifies the views convention-
ally associated only with electroluminescence, photovoltaic energy 
harvesting or related subdisciplines29. Hence, the thermophotonics 
framework also naturally introduces the idea of combining ELC 
with the possibility to harvest a part of the emitted photons’ energy, 
leading to the concepts of thermophotonic heat pumps14 and ther-
mophotonic energy harvesting, as illustrated in Figs. 1c and 1e, 
right). At the fundamental level, all the optical devices in Fig. 1 can 
be seen as thermophotonic machines providing access to the opti-
cal equivalents of the conventional thermodynamic machines, that 
is, refrigerators, heat pumps and heat engines. The thermophotonic 
aspects of the optical energy conversion were initially addressed 
in the context of enhancing solar energy harvesting30–32 and opti-
cal heat pumps14. Later on, the concepts were explored further 
and extended in several other works, for example, to improve the 
efficiency of photovoltaic devices33, to recover waste heat at mod-
estly high temperatures34 and to consider practical device designs 
for thermophotonic devices15,16,35. Ideally, the processes for cooling 
and energy harvesting are fully reversible and the same device can 
switch from acting as a heat pump to converting thermal energy to 
electricity by simply modifying the device’s operating point, when 
a suitable temperature difference exists. In practice, however, the 
reversibility may be partly lost by the currently unavoidable losses in 
the systems and the typically large (several hundreds of kelvin) tem-
perature differences needed to reach reasonable energy-harvesting 
efficiency. As such, thermal energy generation is expected to have 
its own set of challenges, which are nevertheless strongly linked to 

the challenges of ELC in cooling applications. Owing to the differ-
ences especially related to the high temperature stability and other 
modified high-temperature properties of semiconductors, however, 
the energy-harvesting applications are not specifically addressed in 
this Perspective.

The promise of thermophotonics
While the efficient operation of thermophotonic energy-harvesting 
solutions requires high temperatures30 where present semiconduc-
tors are not stable, the thermophotonic heat pump configuration14 
may allow the combination of the best features of several solid-state 
cooling concepts. Its external properties have substantial similarities 
to thermoelectric coolers, illustrated in Fig. 1d, while its heat trans-
port mechanism is still based on using photons as the heat carriers. 
This means that the electrical conductivity between the heat-absorb-
ing photon emitter and the heat-generating photon absorber is not 
required, eliminating one of the largest obstacles — simultaneously 
achieving a high Seebeck coefficient and thermal insulation, in part 
contradicting the Wiedemann–Franz law connecting electrical and 
thermal conductivities — known to hinder further development of 
TECs. Finally, recycling the energy available in the emitted photons 
may allow the efficiency of thermophotonics devices to be boosted 
to levels that are out of reach for ELC, PLC or TEC alone.

In quantitative terms, the fundamental aspects of light emission 
by semiconductors are captured in the concepts of the chemical 
potential of radiation36 and the accordingly generalized Planck’s law 
(Box 1). This framework also permits the description of the fun-
damental limiting behaviour of thermophotonic systems, extending 
from laser refrigeration of solids to electroluminescent coolers and 
thermophotonic heat pumps. To achieve an initial understanding 
of various thermophotonic configurations, we compare in Fig. 1  
the cooling efficiency of ideal semiconductors at the black-body 
limit (that is, assuming unity spectral emissivity) by electrolumi-
nescent, photoluminescent and thermophotonic systems, as well as 
a thermoelectric reference system. Figure 1 shows the peak value of 
the scaled coefficient of performance (SCOP), that is, the ratio of 
cooling power to electrical power normalized to the Carnot limit, 
for these coolers, as a function of the temperature and the bandgap 
energy (or the temperature and the ZT figure of merit for TEC). 
The SCOPs have been calculated, and scaled by the Carnot COP, 
for ELC (optimized Ub = U, set UA = Ua= 0), PLC (set Ub = U = Eg 
and UA = Ua = 0) and thermophotonics (optimized both Ub = U and 
Ua = UA) assuming an ambient temperature TA = 300 K (UA and Ua 
are the chemical potential of the optical field in the environment 
and the external bias of the absorbing environment, respectively). 
The TEC performance has been evaluated using the model in ref. 37.  
For ELC and PLC in the right panels of Fig. 1a,b, the maxima of the 
SCOPs occur at small bandgaps and only reach roughly 20% and 
4% of the Carnot efficiency, respectively. However, small-bandgap 
materials are not expected to be feasible for cooling due to their 
low IQEs. In the thermophotonic configuration (Fig. 1c) where 
the emitted optical energy is recycled by a photovoltaic device, the 
COPs are dramatically improved, and the relative efficiency is high-
est for large-bandgap materials, exceeding 60% of the Carnot limit. 
In theory, the thermophotonics configuration also performs better 
than TECs in both efficiency and lowest reachable temperatures.

The order of magnitude of the cooling power and costs that can be 
reached by the optical coolers are equally relevant quantities regard-
ing their practical potential. The order of magnitude of the maximum 
cooling power achievable by electroluminescence in the black-body 
approximation with bias voltages approaching the bandgap is shown 
in the right panel Fig. 1c as a function of the emitter bandgap and 
temperature. Again, the highest values are reached for large band-
gaps and high temperatures, providing cooling powers comparable 
to 100 W cm−2 at bias voltages close to the bandgap. In addition, the 
values have been calculated assuming optical transport in free space. 
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Confining the structure in a semiconductor with a refractive index 
of that of GaAs (nr ≈ 3.65 close to the bandgap38), for example, could 
further increase the cooling power by roughly an order of magnitude 
due to the dependence of the spectral irradiance (equation (1) in  
Box 1) on the speed of light in the transporting media. The expected 
fabrication costs can be estimated by comparing with thin-film solar 
cells that have been estimated to allow fabrication costs of about 
US$100 for a 150 cm2 cell39. This would suggest that a cost level in  

the range US$10–100 for a cell with a cooling capacity of 1 kW could 
be attainable for possible optical cooling devices in the future if the 
fabrication process does not involve exceedingly expensive extra 
steps compared with thin-film solar cell fabrication.

eLc state-of-the-art
The remarkable progress in increasing LED efficiency and output 
power in the past several decades has been achieved by extensive 
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Fig. 1 | examples of thermophotonic machines for cooling and energy harvesting compared with thermoelectric devices. a–d, The basic principle and 
potential efficiency of the optical and thermoelectric solid-state coolers. a, An LED as an electroluminescent cooler (left) and its predicted Carnot limit SCOp 
as a function of the active-region bandgap and temperature (right). b, An optically pumped semiconductor heterostructure as a photoluminescent cooler 
(left) and its predicted SCOp (right). c, A thermophotonic heat pump combining an LED and a solar cell (left), its predicted SCOp (middle) and maximum 
achievable cooling power (right). d, A typical thermoelectric device (top) and its predicted SCOp as a function of the ZT figure of merit and temperature, 
with the region ZT > 2 illustrating the currently hard-to-reach (greyed out) region (bottom). e, Examples of thermophotonic engines: a solar cell (left), a 
thermophotovoltaic device (middle) and an emission-enhanced thermophotonic heat engine (right). in the plots, the ambient temperature is TA = 300 K.
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device engineering, material research and paradigm modifications. 
This has led to the continuous introduction of new device genera-
tions, advances in material engineering and epitaxy, the adoption of 
the double heterojunction (DHJ) structures, and the development 
of innovative light extraction methods, gradually improving both 
quantities by several orders of magnitude. This is particularly well 
seen in the increase of the WPEs of the LEDs, improving from a 
fraction of a per cent in the 1960s to the present values close to and 
even beyond unity, as highlighted in Fig. 2a illustrating the evolu-
tion of LED technology and efficiency within the past 60 years.

While the LED industry has recently been mainly focusing on 
the high-power visible range using GaN, the industrial framework 
has also fostered a number of attempts to understand and harness 
the possibilities arising from the thermodynamics and thermopho-
tonic energy transfer in various applications. Initially, the focus 
of these studies was on the general feasibility of effects related to 
ELC and thermophotonic heat engines and heat pumps based on 
semiconductors14,30–32,40–45. Later, attention shifted to more concrete 
devices, ranging from specific thin-film designs to integrated ther-
mophotonic structures15–17,19. While most initial computational 
works focused on conventional large-bandgap III–V semiconduc-
tors, for example, GaAs and InP, the first experimental evidence of 
ELC at extremely small powers was provided by Santhanam et al.12, 
using intrinsic GaInAsSb active regions with a bandgap of 0.58 eV. 
These experiments cleverly maximized the benefits offered by very 
small bias voltages (Ub < 100 μV), allowing extremely small cooling  
powers (Pcool ≈ 50 pW) even with very small EQEs (ηEQE ≈ 10–4)  
(refs. 12,13). These demonstrations were subsequently followed by 
studies on using thermal energy to enhance the efficiency of GaN-
based visible LEDs18 and investigations on the thermophotonic 
energy transfer processes in GaAs devices20,46. Below, we describe 
in more detail the experimental evidence of ELC put forward by 
Santhanam et al.12,13 at very low powers (picowatts), and by us20 at 
practical powers using intracavity double diode structures (DDSs).

Ultralow-power setups. Initial demonstrations of ELC by 
Santhanam et al.12 showed an unparalleled WPE peaking at about 
231% at input powers of the order of tens of picowatts. This very 
first setup used an LED based on an GaSb/GaInAsSb/GaSb hetero-
structure with an intrinsic GaInAsSb active region (Eg ≈ 0.58 eV), 

where the LED was heated up to temperatures as high as 410 K,  
increasing the thermal excitation at low forward bias voltages  
Ub < kBT/q, where kB is the Boltzmann constant and T is tempera-
ture. The emitted light was collected through a collimating lens, as 
illustrated in Fig. 3a, and measured by a lock-in setup. Subsequently, 
Santhanam et  al.13 optimized the setup to provide similar results 
at room temperature. This experiment used an InAs LED emit-
ting at 3.4 μm (~0.366 eV), instead of the 2.15 μm (~0.58 eV) of 
the original GaInAsSb system. Figure 3c shows the optical output 
power and the cooling threshold as a function of the input elec-
trical power for their three mid-infrared LEDs, employing active 
regions made of InAs, InAsSb and InGaAsSb emitting at 3.4, 4.7 and  
2.15 μm (~0.366, ~0.264 and ~0.58 eV), respectively. For the  
first two LEDs with the smallest bandgaps, ELC can be directly 
observed in the lock-in measurements at room temperature, at very 
low powers (roughly picowatts), reaching WPEs as high as 400% 
for the 3.4 μm LED. For the remaining LED, ELC does not manifest 
itself, potentially due to the less-efficient thermal excitation of the 
larger-bandgap material at very small bias voltages.

While these extremely small powers are only practical for a lim-
ited range of applications47, they nevertheless provide the first fun-
damental evidence of ELC, at the extreme low end of the small bias 
(qU << Eg/2) conditions. This also clearly differentiates the small-
bias ELC regime from the high-bias regime (qU ≥ Eg/2) where the 
output powers can be orders of magnitude larger. The origin of this 
difference is illustrated in Fig. 3e,f, showing the band diagrams of 
a GaAs LED for a bias voltage of 0.1 V and 1.3 V, respectively. The 
amount of thermal energy ~Eg – qUb needed to create the electron–
hole pairs in the active region of the LED is correspondingly ~1.3 eV 
and ~0.1 eV. Reaching the ELC regime with practically useful LED 
currents and cooling powers exceeding the A cm−2 and mW limits, 
consequently, will require devices with very high quantum efficien-
cies and biases close to normal LED operating conditions. Recent 
experimental20,46,48,49 and theoretical19,50 work by us, on intracavity 
structures, has also brought the first demonstration of ELC at high 
powers close to reality.

High-power setup. The most successful experimental efforts  
to demonstrate high-power ELC have thus far focused on the intra-
cavity DDSs studied in refs. 20,46,49 and related simulation works19,51. 
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The rationale for using the DDS configuration is that it encloses 
a prototype thermophotonic structure consisting of a GaInP/GaAs  
DHJ LED and a GaAs p–n homojunction photodetector in a 
single structure. This eliminates certain substantial light-extrac-
tion-related losses encountered in conventional setups, providing  
a shortcut for studying selected thermophotonic effects at high-
current conditions.

A schematic of a DDS is shown in Fig. 3b, enclosing an InGaP/
GaAs/InGaP DHJ LED grown on a thick GaAs p–n homojunction 
photodetector. Light emission from the LED is guided efficiently 
towards the photodiode, where the absorbed light can be detected 
by directly measuring the photocurrent of the short-circuited pho-
todetector. Energy transfer efficiency of the DDS is quantified 
using the coupling quantum efficiency (CQE). In the DDS, heat 
extraction from the LED is directly demonstrated if the WPE, cal-
culated using the CQE as the effective quantum efficiency (Box 1), 
exceeds unity. In practice, however, the CQE includes a significant 
contribution reflecting the photodetector losses, still preventing 

direct measurement of WPEs exceeding unity20. Internal cooling of 
the LED has nevertheless been indicated when the photodetector 
losses are accounted for20. The prototype DDS uses conventional 
large-bandgap materials of the AlGaInAsP family, with exceptional 
bulk qualities9,52,53. The best fabricated DDSs exhibit directly mea-
sured CQE values as high as ~70–72%, slightly exceeding the high-
est-reported EQEs of GaAs LEDs54. Figure 3d shows the internally 
generated optical power as a function of the input electrical power, 
the WPE of the LED obtained by eliminating the contribution of 
the photodetection and measurement system losses of the current 
injection probes20, as well as the corresponding cooling power of the 
LED in the DDS. This predicts an LED efficiency exceeding unity 
at the current range 7–80 A cm−2, reaching values up to ~110%, 
suggesting local LED cooling power densities reaching 8 W cm−2.

eLc challenges and solutions
The discussion above clearly reveals the potential of thermopho-
tonics in cooling applications. In practice, however, reaching the 
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cooling threshold has been challenging, as the eventual WPE of 
light emission is degraded by several loss mechanisms affecting 
both the voltage efficiency and the various quantum efficiencies of 
light emission. While the voltage efficiency can be made to exceed 
unity even for large resistive losses by simply keeping the bias volt-
ages below the values set by the bandgap, the recombination losses 
described by various quantum efficiencies, most notably the IQEs 
and EQEs are less straightforward to optimize. In practice, a suit-
able combination of ηQE and ηU > 1 (where ηQE is the appropriate 
quantum efficiency and ηU is the voltage efficiency) can neverthe-
less lead to a WPE exceeding unity, with heat absorption over-
coming the internal heat generation. This is the formal condition  
for observing ELC.

The losses affecting the WPE have multiple origins in phenom-
ena affecting the carrier recombination, light–matter interactions 
and various transport effects, as illustrated in Fig. 4. The figure fur-
ther classifies the losses as being related to the electron and the pho-
ton dynamics (the vertical columns) as well as to the materials and 
device design-related challenges (the horizontal rows). This classi-
fication illustrates how the electron and photon dynamics couple to 
the material and device properties, calling for holistic approaches 
in simultaneously optimizing the recombination, current spread-
ing and optical transport losses towards the threshold, enabling full 
access to the functionalities provided by thermophotonic machines. 
In the broader context, we argue that the present bottlenecks for 
reaching ELC seem to mostly manifest in the device properties row, 
as discussed below.

The non-radiative recombination losses in an LED originate 
from the defect-related Shockley–Read–Hall (SRH) recombination 
as well as the surface, interface and Auger recombination, degrad-
ing the IQE as described in equation (5) in Box 1. In general, SRH 
recombination is a controllable material property that can be made 
extremely small for GaAs or other high-quality materials, while 
radiative and Auger recombination are fundamental processes 
depending mainly on the band structure and also to some extent 

on the optical or electronic properties of the device. In addition, the 
recombination statistics generally depend on the carrier densities, 
enabling also other possibilities to adjust their relative importance 
by various material and device solutions affecting the carrier densi-
ties in the active region. One such approach was recently proposed to 
extend the range of high-efficiency operation towards smaller input 
powers by suppressing the relative importance of SRH and interface 
recombination through active-region engineering, using a GaInP/
GaInAs quantum well emitter positioned in the hole-rich region  
of the p–n junction, enhancing the hole carrier concentrations,  
and hence the IQE, at input powers relevant for ELC research55.

The rates of the surface and interface recombination are pro-
portional to the recombination velocity vs and the effective area 
of the surface or interface S. The interface recombination velocity 
for GaAs can generally be made very small by using, for example, 
GaInP barriers with vs ≈ 1 cm s−1. The surface recombination veloc-
ity of GaAs, however, can typically approach the thermal velocity  
vth ≈ 4 × 107 cm s−1, making surface recombination at device edges a 
potentially important source of loss19,20,51. In practice, surface recom-
bination can be substantially reduced by various surface passivation 
techniques, including for example, wet passivation techniques  
typically reducing vs by at least tenfold56, epitaxially grown cap  
layers (for example, III–P)57 ideally reducing the values down to 
1.5 cm s−1 (ref. 58), or controlled oxidation59 and epitaxial regrowth  
of III–P layers57. Also, reducing the surface area or limiting the 
transport of carriers to the surface can provide efficient means to 
suppress surface recombination.

In principle, reaching ELC at large biases (qU > Eg/2) requires a 
high IQE preferably close to unity. This is indeed possible for GaAs, 
with typical recombination parameters of the order of A ≈ 104–3 ×  
105 s–1 (refs. 9,52,53), B = 2 × 10–10 cm3 s–1 and C ≈ 10–30 cm6 s–1  
(ref. 60), generally allowing IQEs exceeding 99% (refs. 9,11); A, B 
and C are the recombination constants for the SRH, radiative and 
Auger processes, respectively. For small-bandgap semiconductors, 
C is generally large, making high-bias cooling less efficient, if not 
impossible. The extremely high IQEs dismiss the presence of a fun-
damental bottleneck for ELC, even if the surface recombination at 
the device perimeter may introduce additional losses61 requiring 
additional engineering.

In the presence of current spreading and voltage losses, the exter-
nally applied bias voltage Ub is always larger than the internal (effec-
tive) LED voltage U = Ub – RI. Consequently, the electrical current 
spreading resistance R reduces the maximum of the LED current 
I that can be achieved at above-unity voltage efficiency. Another 
adverse effect potentially limiting the effective extent of the active 
region is current crowding62, which may reduce the attainable power 
density. Fortunately, both the voltage and current crowding losses 
can in principle be made quite small by optimizing the contact struc-
tures and device geometry63, although the process itself is subject 
to several constraints to avoid, for example, increasing the optical 
losses at the metal contacts or the surface recombination at the LED 
mesa edges. Some possible geometries that would allow a suitable 
compromise between electrical and optical losses have been recently 
suggested and discussed, for example, in refs. 15,16,64. In addition,  
new possibilities to optimize the structure could also arise from the 
back-contacted diffusion-driven structures discussed in ref. 65.

Light confinement due to a large refractive index can severely 
limit the LED efficiency, constituting one of the largest obstacles 
for pure ELC. This results from the substantial amplification of the 
initially small probability of optical absorption at metal contacts 
and other lossy regions, as well as the non-radiative recombination 
in the active region following reabsorption. These issues are being 
addressed, for example, by the various light-management strategies 
illustrated in Figs. 2b–d and 3b, or other selected schemes relying, 
for example, on near-field effects34. These approaches have allowed 
GaAs LEDs with a record EQE of 68% (ref. 54; Fig. 2d), GaN LEDs 
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with a record EQE of about 80–81% (ref. 8; Fig. 2c), optically pumped 
heterostructures with high-refractive-index domes (for example, 
ZnS or ZnSe) with EQEs of 96% at 300 K (ref. 10) and 99.5% at 100 K 
(ref. 9), and GaAs-based electrically injected LEDs with about 70% 
and DDS with 72% quantum efficiency, estimated to exhibit internal 
cooling20 (Fig. 3b). Renewed efforts of using these efficient light-
extraction strategies and the best-available materials in the context 
of optical cooling could allow conversion of the existing promising 
results into full optical cooler prototypes.

Future outlook
Considering the advances achieved in optical cooling and the 
general promises of ELC, it is timely to ask: what will be needed 
to demonstrate a tangible temperature drop due to ELC at practi-
cal LED operating powers? Is it realistic to expect practically useful 
technologies based on ELC? As the history of LEDs has shown, the 
loss mechanisms and their interplay make the optimization of the 
light emission efficiency a complex process, involving multiple dis-
ciplines and approaches. This process will not become any simpler 
when the losses need to be further reduced from the perspective 
of the full thermodynamic picture. Since the eventual performance 
of the structures is also expected to be quite sensitive to losses14,16, 
developing systems and approaches towards and beyond the cool-
ing threshold is a challenging and resource-intensive task, calling 
for collective efforts. At present, however, the available experimen-
tal results show promising predictions regarding the demonstration 
of ELC, providing a strong incentive for further research to answer 
these questions.

Despite the challenges, the present state of the art suggests that 
the bulk material quality of GaAs is already sufficient for ELC. 
This implies that the bottlenecks in demonstrating and develop-
ing efficient semiconductor ELC systems hinge on designing and 
fabricating optimal structures, for example, thin-film electrolumi-
nescent setups with high-index light extraction lenses. For example, 
reaching similar quantum efficiencies as in photoluminescent set-
ups27 would very likely lead to ELC for structures with reasonable 
resistive losses. This approach would allow a much more favourable 
voltage efficiency compared with PLC setups, as the driving volt-
age could be several kBT/q smaller than the bandgap potential. Also, 
thermophotonic setups with integrated photon recycling could sub-
stantially reduce the light extraction challenges, while necessitating 
thermal insulation between the light emitter and light absorber. 
Choosing the most appropriate structure for future works natu-
rally depends on the intended operating biases. While the thermal 
energy captured by photons has already enabled low-power ELC13, 
the requirements for large bias (U ≈ 50–100% of Eg) ELC are more 
stringent. In return, the cooling power can become high, ideally 
exceeding the 10–100 W cm−2 range illustrated in the right panel 
of Fig. 1c.

Considering the fundamentals, it is possible to foresee at least 
three feasible application areas for ELC: (1) extension or replace-
ment of multistage Peltier coolers, enabling an electrically driven 
solid-state alternative to reach the higher end of the cryogenic 
temperature range; (2) new and efficient thermophotonic solid-
state cooler/heat pump systems for applications at or close to room 
temperature; and (3) developing luminaires with above 100% effi-
ciencies. Each application would also have certain special features.  
(1) Good thermal insulation would be more straightforward to  
reach, for example, with vacuum-encapsulated thin-film LEDs with 
domes combining the PLC setups and surface scattering used in the 
industry54. Such non-contact vacuum solutions will allow nearly 
perfect thermal insulation, but their device area, power and energy 
recycling capabilities scale less optimally than solutions integrating 
directly a thermal insulator. (2) DDS- and thermophotonic heat 
pump-based approaches might be the easiest to demonstrate and 
are expected to eventually provide the highest cooling power and 

efficiency. Their performance, however, is likely to depend strongly 
on the properties of the thermal insulators incorporated within14, 
potentially limi ting their usefulness to close-to-room-temperature 
applications. (3) Over-unity efficient LED lighting would most 
likely be based on GaN materials18. This possibility shares obvious 
synergy with the industrial interests to improve the efficiency of 
solid-state lighting, and may eventually even lead to unintentionally 
breaking the 100% limit as a side product of the development.

The development of ELC and thermophotonics has particularly 
interesting links to GaAs solar cells, thermophotovoltaic systems and 
photoluminescent cooling, as illustrated in Fig. 1, providing useful 
concepts for further studies. These include thermal insulation using 
vacuum nanogaps, highly optimized light extraction methods using 
ZnS hemispherical lenses and highly optimized materials and epi-
taxial peel-off solutions. Specifically, and owing to the synergy66 and 
recent progress in the III–V (GaAs) and thin-film solar cells, with 
efficiencies as high as ~29% (ref. 67) being achieved in single-junc-
tion solar cells, knowledge and techniques can be borrowed from 
solar cell research68–70 to improve our understanding of ELC. It is 
also worth remembering that the fundamental predictions in Fig. 1  
are based on treating the materials as black bodies. This overlooks 
any light-management possibilities that might be used to further 
suppress unwanted thermal emission and to tune the system’s spec-
tral properties, allowing substantial further improvements on the 
fundamental limits of the performance, emissivity and directivity.

In conclusion, recent progress in developing light emitters has 
provided strong indicators that conventional semiconductors and 
established fabrication methods have reached a state where the thus 
far elusive ELC of LEDs is soon becoming feasible. This would lead 
to a new solid-state cooling method with inherent scientific value. 
Further development of ELC could also allow the development of 
cryogenic coolers with an operating range and efficiency far beyond 
the capabilities of thermoelectric devices. Even more importantly, 
however, combining ELC with photovoltaic energy recycling could 
allow the development of thermophotonic heat pumps and coolers 
with efficiencies and costs that are competitive with those of the 
ubiquitous compressor-based devices. As the operation of the ther-
mophotonic devices is based on using light as the heat transport 
agent, they would be fully solid state and require no hydrofluoro-
carbon-based refrigerants with substantial global warming poten-
tial, as is the case for present mechanical devices. As such, optical 
cooling could eventually make the currently dominating mechani-
cal heat pumps, and their thermoelectric counterparts, obsolete in 
many applications. While ongoing progress in III–V nanomateri-
als, LEDs and solar cells is already transforming the correspond-
ing semiconductor energy conversion fields, the future of III–V 
semiconductor ELC is not void of challenges. However, we believe 
it also has ample potential to initiate a solid-state cooling revolution 
that fully parallels the solid-state lighting revolution that has funda-
mentally disrupted the lighting industry and general lighting in just 
about one decade.
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