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Abstract: Radiative sky cooling reduces the temperature
of a system by promoting heat exchange with the sky; its
key advantage is that no input energy is required. We will
review the origins of radiative sky cooling from ancient
times to the modern day, and illustrate how the fundamen-
tal physics of radiative cooling calls for a combination of
properties that may not occur in bulk materials. A detailed
comparison with recent modeling and experiments on
nanophotonic structures will then illustrate the advan-
tages of this recently emerging approach. Potential appli-
cations of these radiative cooling materials to a variety
of temperature-sensitive optoelectronic devices, such as
photovoltaics, thermophotovoltaics, rectennas, and infra-
red detectors, will then be discussed. This review will con-
clude by forecasting the prospects for the field as a whole
in both terrestrial and space-based systems.

Keywords: radiative cooling; nanophotonics; selective
thermal emission; photovoltaics; infrared detectors; ther-
mophotovoltaics; emissive energy harvesters.

1 Introduction

Radiative cooling is a strategy to dissipate excess heat
into remote heat sinks (such as the clear sky) via thermal
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radiation [1]. Its crucial value is that it can lower the oper-
ating temperature of a broad range of solid-state devices
without requiring any input energy. It functions on the
ground by enhancing radiation at wavelengths that are
highly transmitted [2]; for the sky, this transparency
window extends from 8 to 13 um [3]. The earliest adoption
of radiative cooling has been traced back to the courtyard
architectures of ancient Iran [4]. In the modern era, the
first scientific studies found that certain materials have
potential for limited selectivity, notably polymeric materi-
als [5, 6], titanium dioxide [7-9], silicon nitrides [10], and
silicon monoxide (SiO) [11]. While cooling to 40°C below
ambient with SiO is theoretically possible [11], the tem-
perature difference is much smaller in experiments [2].
Although the natural materials listed above can enhance
radiative cooling, achieving the best possible radiative
cooling requires a combination of high and flat emittance
throughout the sky transparency window. No simple bulk
material has been reported to provide this ideal emit-
tance spectrum, and thus, theoretically maximal radiative
cooling power.

Fortunately, with the emergence of new classes of
selective infrared (IR) emitters [12-14], based on photonic
design principles [15], interest in radiative cooling has
increased substantially in the last several years. Recent
calculations first indicated, for instance, that 2D nanopho-
tonic structures can provide a cooling power in excess of
100 W/m? at reasonable temperatures [16]. A 1D stack of
hafnia and silica, consisting of seven bilayers, was shown
to be sufficient to achieve cooling below ambient tempera-
tures in experiment [17]. Before this recent resurgence of
interest, research efforts focused on looking for the best
cooling material for below-ambient cooling at night. Most
materials investigated previously were bulk materials or
composite materials. Some were found to be satisfactory for
nocturnal applications. However, the capability of daytime
radiative cooling under direct sunlight, especially below
ambient, was never fulfilled until very recently. The devel-
opment of nanophotonics is certainly a major driving force
behind the recent resurgence of radiative cooling research.
It is found that minimal absorption of direct sunlight and
high emittance within the atmospheric window can both
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be satisfied by nanophotonic designs. As will be discussed
later in Section 3.3, the capability of daytime radiative
cooling, compared with nighttime cooling, gives rise to
more applications and research opportunities in different
fields. In related work, it was shown that this approach can
be applied to solar cells to theoretically achieve meaning-
ful temperature reductions. Theoretically, the temperature
for bare silicon cells can be up to 17.6°C in unconcentrated
sunlight [18], with an actual 13°C cooling effect observed in
experiment [19]. Similarly, despite their lower self-heating,
GaAs nanowire-based photovoltaics (PV) could potentially
experience a radiative cooling-induced temperature drop of
7°C [20], which could improve their performance by 2.6%
absolute efficiency in the near-earth orbit [21]. For encap-
sulated commercial solar panels, the cover glass (typically
soda-lime glass) is already a decent broad-band radia-
tive cooler. Hence, a temperature decrease of only 1-2 K is
achievable by radiatively cooling commercial solar panels,
which surprisingly still can extend the lifetime significantly
by suppressing thermally activated degradation [22].

The resulting drop in efficiency associated with excess
heating can be tremendous, potentially, over 50% of the
relative performance [23]; thus, it is critical to develop new
strategies for cooling that are nearly or fully passive, as
opposed to active, to preserve overall system efficiencies
and to substantially decrease operating temperatures,
improving performance for a wide range of devices. In
the best case, this additional cooling power could result
in below-ambient operation, potentially enabling signifi-
cantly improved performance and reliability.

Given these significant benefits, it seems appropriate
to consider what other systems could potentially benefit
the most from this radiative cooling approach. The most
appealing applications would presumably combine con-
siderable self-heating and significant needs for energy
efficiency. Within this group, solid-state electronics
stand out as particularly relevant, since they can expe-
rience substantial radiative heating outdoors during the
daytime, along with electric power injection and subse-
quent thermal dissipation. Concentrator photovoltaics
(CPV) and thermophotovoltaics (TPV) are likely to see
even greater benefits from these approaches than stand-
ard PV, because of their greater heat fluxes [24].

In the subsequent sections, we will develop a physics-
based modeling framework to capture the energy balance
observed in a realistic radiatively cooled system. It will
allow us to first investigate the ideal case of radiative
cooling, and then to consider a variety of cooling struc-
tures based on real materials, such as low-iron soda-lime
glass, many of which take advantage of nanophotonic
design principles. Next, we show the benefit of increasing
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the area of the radiative cooling element, given a suita-
ble heat spreader, which can even facilitate below-ambi-
ent cooling. Afterward, a range of specific applications
enabled by radiative cooling will be discussed, includ-
ing solar PV, CPV, TPV, rectenna-based nighttime power
generation, and IR detectors as well as other tempera-
ture-sensitive electronics. Finally, we will conclude by
summarizing progress to date as well as our perspective
on future prospects in the field, especially as they relate
to nanophotonics.

2 Fundamental physics of radiative
cooling

Two facts make radiative cooling an achievable and sig-
nificant phenomenon. First, the mean tropospheric tem-
perature is generally around 250 K, well below ambient
in most regions of the earth throughout the year [25,
26], and thus may act as a cooling reservoir. Second,
the atmospheric transparency window extends across
a wavelength range of 8-13 um [1, 2, 27, 28], allowing
thermal emission from an emitting object to connect
with the low-temperature troposphere. To fully under-
stand radiative cooling, we will explain the fundamental
physics of this process in this section. We begin with the
fundamentals of radiative heat transfer, followed by the
most relevant atmospheric physics, and conclude with
the fundamentals of radiative cooling both above and
below ambient temperatures.

2.1 Thermal radiation fundamentals

Thermal radiation fundamentally arises from random
energy level transitions in matter. For any object with
finite temperature, energy transfer is thus realized by the
resulting emission of energy in the form of electromag-
netic waves, which consist of finite quanta of energy, or
photons. Based on these considerations, the temperature-
dependent emission is given by Planck’s law of blackbody
radiation [29]:

2mhe® 1
1,(T,A)= ORI (1)
elkT -1

where I, is the spectral irradiance per unit area per unit
wavelength, h is Planck’s constant, c is the speed of light,
kis Boltzmann’s constant, and T denotes the temperature
in K. By integrating the spectral irradiance over area and
the whole wavelength range, it can be found that the total
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emitted power is proportional to the fourth power of the
emitter temperature, as described by the Stefan-Boltz-
mann law:

P=¢AoT", )

where P is the total emissive power, A is the surface area

of the emitting object, ¢ is the Stefan-Boltzmann con-
/2

stant, and &= _[d/II J‘d(sm29)6 0,1)/ _[d/II denotes the

averaged emlttance of the object. Note that £(0, 1) is an
angular and spectral dependent parameter as discussed in
[1, 2, 17]. For an ideal blackbody emitter, ¢ =1 for all angles
and wavelengths. On a related note, Kirchhoff’s law states
that for arbitrary matter absorbing and emitting thermal
radiation under thermal equilibrium, its emittance is
equal to its absorptance. Recently, a more generalized
form of Kirchhoff’s law has been derived by Greffet et al.
[30] that extends to any finite size object, including those
with temperature variations across their surface. Hence,
the emittance of an object is generally considered equiv-
alent to the absorptance, which helps derive the atmos-
pheric transmittance from the atmospheric emittance.

2.2 Tropospheric temperature
and atmospheric transmittance

The temperature of the cosmic microwave background
radiation is around 3 K [31], while the sun is approximately
a blackbody at an effective surface temperature closer to
5800 K. This enormous temperature difference, combined
with heat transfer in the upper atmosphere, gives rise to
a complex, altitude-dependent temperature profile [32],
featuring a tropospheric temperature of about 50 K below
standard room temperature (300 K) [2], which can serve
as a potential radiative heat sink for ground level cooling.
The exact cooling strongly depends on geographic loca-
tion and climate, thus requiring a detailed calculation
[33]. For simplicity, we will focus on ground level cooling.
Exchange with the troposphere on the ground is limited
by the atmospheric absorption spectrum [2, 27, 28, 34-38],
which features a strong water vapor absorption band cen-
tered around 6 um and beyond 20 um, as well as a carbon
dioxide absorption band that peaks around 15 um. These
absorption bands leave behind an atmospheric transmis-
sion window from 8 to 13 um. Equivalently, if we assume
that the entire atmosphere is radiating at ambient tem-
peratures (~300 K), the effective transmittance within
the atmospheric window is far above zero, as depicted
in Figure 1. Furthermore, the atmospheric emittance is
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Figure 1: The atmospheric transmittance spectrum at zenith angles
of 0°, 60°, and 75°; it is highest in the 8—-13 um transparency window.
Results are adapted from [2].

not only wavelength dependent, but also zenith angle
dependent, as expressed by the following equation [2]:

e (0, 1)=1-[1-¢ (0, )]V, €)

Here ¢ (0, ) denotes the atmospheric emittance at any
arbitrary zenith angle 0, based on Kirchhoff’s law, equal to
the atmospheric absorptance as well. On the other hand,
because water vapor absorption dominates the atmos-
pheric absorptance within the atmospheric window, the

0.8 Water vapor (cm)

0.6

0.4

Atmospheric transmittance

Wavelength (um)

Figure 2: The computed atmospheric transmittance spectrum,
computed using the Lowtran model. The temperature of the lowest
kilometer of atmosphere is assumed to be 21°C, the ozone content
assumed to be 0.35 atm - cm, and aerosols are of urban type with

a 23 km visual range. Different precipitable water vapor levels are
shown as red, green, and blue curves in the figure. These results
have been adapted and replotted from [2].
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transparency of the sky is quite sensitive to precipitable
water vapor concentration, which is correlated with rela-
tive humidity (RH) and ground temperature [39, 40], and
thus varies geographically. Its influence is illustrated
in Figure 2: higher precipitable water vapor concentra-
tion leads to stronger absorption within the atmospheric
window. Similarly, the atmospheric window dependence
on RH was demonstrated in [41] by modeling transmit-
tance characteristics during the summer solstice at two
locations. The atmospheric transmittance within the
8-13 um spectral window is higher in Perth than in Bris-
bane despite the close ambient temperatures, due to lower
water vapor concentration in Perth than in Brisbane as
reflected by the mean RH. In short, atmospheric transmis-
sion varies with geography in a well-understood manner.

2.3 Principle of cooling

Developing radiative coolers for various applications
requires rigorous engineering and design. In this subsec-
tion, we review the physics of radiative cooling by the
steady-state energy balance equation and summarize the
design considerations for radiative coolers.

When a radiative cooler of surface area A is exposed
to the sky, the cooling power P__ here is the net outgoing
radiative energy flux, which is given by

Pcool (T) = Prad (T) - Pa\tm (Tamb)’ (4)

where P (T)=A[dQcos0 [dil,,(T, De(A, 6) is the
0

thermal emission of the radiative cooler with oper-
ating temperature of T, and IdQCOSO is the inte-
gration of the solid angle over the hemisphere. The
atmospheric radiation at a temperature T, is given

by P, =A[dQcos [dil,, (T, , Ne(i, O)e
0

b

(4, 6), where

amb’ atm

e,..(, 6) denotes the spectral and angular atmospheric
emittance that can be calculated by Eq. (3). Balanced with
other energy fluxes (e.g. incident solar power, convec-
tive, and conductive heat transfer), the maximum cooling
power determines the lowest temperature achievable. Ini-
tially, nighttime radiative cooling appeared much more
promising thanks to the absence of solar irradiance, and
constituted the focus of the early work [42-46]. Enabled
by recent advances in photonic design, daytime radiative
cooling below ambient temperature has been demon-
strated by Rephaeli et al. [16]. Such a cooling structure is
engineered to be spectrally selective: (1) highly emissive
between 8 and 13 pum to maximize P_,(T); (2) weakly
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emissive outside the atmospheric window to reduce par-
asitic radiation P_,(T ); (3) either highly reflective or
transparent in the solar spectrum to suppress sunlight
absorption.

When designing a practical, efficient radiative cooling
system, one must also consider other heat transfer path-
ways. Generally, the net power of the cooling system P_,
is defined as

net = Pcool ~Labs.sun Pnon—radiative ’ (5)

where P denotes the radiative cooling power, P __ is
the total absorbed solar power only relevant for daytime
applications, and P .. . corresponds to non-radiative
heat transfer (i.e. convection and conduction). According
to (5), solar absorption and non-radiative heat transfer act
as parasitic cooling losses, thereby reducing the overall
cooling efficiency and increasing the cooling time to reach
thermal equilibrium. Remarkably, it has been experimen-
tally demonstrated that significant temperature reduction
up to 40 K below ambient has been reached by radiative
cooling within 1 h [47]. For systems with greater heat
loads (e.g. CPV and TPV), it is also expected that the tem-
perature will quickly reach steady state due to significant
heating, for example, temperature varies instantane-
ously with solar irradiance in [48]; in such cases, radia-
tive cooling can still serve as a complementary passive
cooling method to reduce overall system temperature. By
eliminating those parasitic heat transfers, the lowest tem-
perature achievable by radiative cooling is essentially the
tropospheric temperature, which is ~50 K below ambient.
Indeed, Chen et al. [47] have demonstrated a sub-freez-
ing radiative cooling system with considerably reduced
parasitic heat transfer (e.g. no convection in the vacuum
chamber and Sun shade to block solar irradiance). The
lowest temperature measured is 42 K below ambient, far
lower than the previous under-optimized experimental
demonstration [17].

2.4 Below-ambient cooling vs.
above-ambient cooling

Radiative cooling can be categorized as either below-
ambient or above-ambient, depending on specific appli-
cations. The target cooling temperature of a radiative
cooler determines the desired spectral emittance profile;
namely, a broadband cooler is needed for above-ambient
cooling, while a selective cooler is needed for below-ambi-
ent cooling. The broadband cooler should have emittance
close to one throughout the IR spectrum, and negligible
absorptance in the solar spectrum for daytime cooling.
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On the contrary, a spectrally selective cooler will have
emittance close to one only in the atmospheric window
(8-13 um) and minimal emittance elsewhere. Next, we will
interpret such design requirements into the temperature
and spectrum dependence of P__(T).

P_ (T) must be positive to ensure net cooling of a
system. For above-ambient cooling (i.e. T>T ), the
thermal radiation outside the atmospheric window from
the cooler to the ambient (i.e. above-ambient cooling)
becomes beneficial and adds up to higher total cooling
power Pmol(T); thus, a broadband design is preferable to
deliver more cooling gain (see Figure 3). For below-ambient
cooling (i.e. T< Tamb), parasitic thermal emission outside
8-13 um from atmosphere heats up the cooler, resulting in
a negative cooling power for the broadband. In contrast, a
spectral selective cooler that can eliminate such undesired
absorption of radiation from ambient and maximize Pcool(T)
is the best for below-ambient cooling. At T=T,__, the net
thermal radiation outside the 8-13 um wavelengths from
the coolers to the ambient becomes zero; essentially, both
designs deliver the same cooling power (see the dashed
lines in Figure 3). To summarize, cooler designs should be
adopted for different cooling targets. Note that the calcu-
lation in Figure 3 only considers the primary atmospheric
window from 8 to 13 um, and has neglected the secondary
atmospheric window that exists between 16 and 22 pum. Our
simulation has shown that, with the presence of the sec-
ondary window, full-spectrum radiation coolers can gen-
erate 10-20 W/m? more cooling power than the selective
radiative coolers only focusing on 8-13 um. Consequently,
the temperature range in which the selective radiative
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coolers (from 8 to 13 um) are preferable needs to be at least
~5 K lower than the ambient instead of just below-ambient,
which is in good agreement with Figure 1c in [47]. The sec-
ondary window, however, contributes only ~10% of the
total cooling power at near-ambient temperature due to
much lower transmittance (see Figures 1 and 2) and devia-
tion from the wavelength range (i.e. around 10 um) wherein
IR blackbody radiation peaks. Since the impact of the
secondary window on radiation cooling is fairly insignifi-
cant, it can be neglected in general. In the next section, we
describe specific materials and structures that are suitable
for either type of cooling.

3 Radiative cooling materials and
structures

To achieve effective radiative cooling, cooling structures
should have emittance spectra £(0, A) that match the ideal
specifications discussed in Section 2. Fortunately, emit-
tance properties approaching these ideals can be found in
bulk materials suitable for massive production. They have
been extensively studied in pioneering works of the 1970s
and 1980s [1, 2, 5, 6, 10, 11, 42, 51-57]. Similar to bulk mate-
rials, gaseous materials such as ethylene and ammonia
have also been proposed to be radiative coolers [56, 58,
59]. Furthermore, several works also focused on using pig-
mented foils that are highly reflective in the solar spectrum
and transparent in the atmospheric window, such that
an underlying material can simultaneously cool itself via

B Selective radiative cooler (8 pm to 13 pm)

. : T 1000
800 <
i 1 E
600 =
Ambient remperature ]
----------------- 400 3
=
Cooling power = 0 W/m? 200 £
1 8
o O

220 240
Eff. sky temperature (K)

Figure 3: The net cooling power, as defined by Eq. (4), as a function of the object temperature and effective sky temperature for two cases:
(A) a full-spectrum radiative cooler and (B) a selective radiative cooler. The horizontal dashed line indicates an ambient temperature of
300 K, and the black solid line illustrates zero cooling power. As in [49], sky radiation inside the atmospheric window is assumed to be
emitted 3-5 km above ground at the effective sky temperature. The atmosphere is opaque outside the transparency window (8-13 um). For
realistic non-zero atmospheric transmittance outside 8-13 um, full-spectrum radiative coolers may have slightly higher cooling power than
selective radiative coolers (approx. 20 W/m?) at ambient temperature [50].

Unauthenticated
Download Date | 3/8/18 10:33 PM



1002 — X.Sun et al.: Radiative sky cooling

thermal emission without absorbing solar irradiance [7, 9].
As the fabrication technique of nanomaterials advances,
radiative coolers enabled by nanostructures and nanopar-
ticles are proved to be good alternatives to bulk coolers [60,
61]. In recent years, nanophotonic structures have become
powerful in tailoring the thermal emission properties of
bulk materials [13, 62] and have a significant impact on dif-
ferent applications, including radiative cooling. It is dem-
onstrated by simulation that properly designed photonic
crystals (PhCs) can provide emittance spectra close to the
ideal cases for radiative cooling (both above-ambient and
below-ambient) under direct solar irradiance [16, 18, 63, 64].
Later, experiments successfully demonstrated the radiative
cooling via PhC coolers [17, 19]. In addition to the spectral
selectivity, the angular dependence of emittance is another
important factor for radiative coolers, as implied in Eq.
(4). Complete characterization of a radiative cooler should
include its emittance spectra at multiple zenith angles. For
cooling systems that are not angularly restricted, the emit-
tance variation over zenith angles from 0° to 90° is pre-
ferred to be as small as possible [65]. It has recently been
demonstrated that the weak angular dependence of emit-
tance can be achieved by nanophotonic structures such as
polymer stacks [66] and 2D PhC structures [19].

3.1 Bulk and gaseous material radiative
coolers

In the early stage, plastic has been investigated as a pro-
spective candidate for radiative coolers. Polyvinyl chloride
(PVC) [5], polyvinyl fluoride (PVF) [1, 6, 42, 53, 54], and
polymethylpentene (TPX) [52] were shown to have high
emittance in the atmospheric window. Most plastic coolers
reported in the literature were aluminized at the back to
block transmission without adding significant absorption
outside the atmospheric window. Although the TPX and
PVF emittance spectra match the atmospheric window, as
shown in Figure 4A [2, 52], TPX is slightly better, due to its
higher emittance near 8 um.

Alternative bulk materials, such as oxide and nitride,
have been investigated extensively in the pioneering works
of Grangvist et al. It was found that SiO, with its strong
lattice absorption near 10 um, can serve as a selective radia-
tive cooler. The optimal thickness of 1 um was found to be
most effective in reducing reflection [2, 11]. Like the previ-
ous structure made from plastic coolers, an Al back reflect-
ing layer was coated by evaporation [2, 11]. The structure
and the reflectance of the SiO cooler are shown in Figure
4B [2]. However, the emittance of SiO within the atmos-
pheric window is not strong enough to yield a significant
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improvement in the cooling effect compared with a black-
body cooler during a nocturnal test. The SiO cooler cooled
to 13.8°C below ambient, while the blackbody cooler cooled
to 13.4°C below ambient [2]. Therefore, a stronger cooler
consists of silicon nitride (Si)N,), and the Al back reflector
was fabricated in the following work [10]. Si,N, has been
explored again in a more recent work, showing a capa-
bility of sub-freezing temperature cooling (-22.2°C) [47].
The optical properties of silicon oxynitride (SiOXNy) have
also been studied [55, 57], with its application as a selec-
tive cooler examined in [56]. As shown in Figure 4C [56], a
1.34-um-thick SiO N, (x=0.6 and y=0.2) on the Al back
reflector exhibits a strong emittance peak that matches the
atmospheric window. The peak is related to the Si-O and
Si-N bonds [67, 68] and the shoulder near 8.5 um is related
to the Si—H bond [67]. The net result was an equilibrium
temperature of 16°C below ambient during nighttime, 2°C
lower than what was achieved by a blackbody cooler [56].
For above-ambient cooling, it was found that fused silica
is a suitable cooler with its high emittance across a broad
wavelength range except for a dip within the atmospheric
window. It is demonstrated to be able to cool an underlying
Si wafer by 12°C [19]. Soda-lime glass or low-iron glass, com-
mercially used as cover glass for PV, was found to be slightly
better than fused silica for above-ambient cooling [69].

Radiative coolers in gaseous state have also been con-
sidered for radiative cooling applications. It is shown that
for ammonia gas (NH,), the IR absorption corresponding
to the N atom moving perpendicularly to the H, plane is
broadened by the rotational absorption so that it covers the
atmospheric window [59]. Theoretical modeling showed
that a slab of NH, gas can potentially cool down to 20°C
below ambient during nighttime [59]. Similarly, with out-
of-plane bending vibrations, ethylene (C,H,) also exhibits
strong emittance in the atmospheric window, as shown in
Figure 4D [58]. When encapsulated in an IR transparent
container, C,H, is a good candidate for radiative coolers
that reached 10°C below-ambient cooling during daytime
without direct sunlight [58]. Eriksson et al. showed that a
mixture of C,H, and C,H,O has higher cooling power, com-
pared with either C.H, or C,H,0 [56].

3.2 Composite radiative coolers

As an alternative to bulk and gaseous material radia-
tive coolers, composite material coolers consisting
of two or more different materials were investigated,
and were shown by several groups to have emittance
properties suitable for radiative cooling. Commercially
available white paints containing 35% TiO, provide a
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Figure 4: (A) Transmittance spectrum of aluminized polyvinyl fluoride (TEDLAR) cooler (red) and polymethylpentene (TPX) cooler
(blue); adapted from [2, 52]. Strong emittance can be observed within the atmospheric window. (B) the measured reflectance spectrum
of 10 um SiO film on aluminum (Al). The spectrum is adapted from [2]. (C) The measured reflectance for TM (red) and TE (blue)

polarizations incident on a 1.34 um SiO_ N _,

film on Al. Compared to SiO, a broader peak is found within the atmospheric window. The

spectrum is adapted from [56]. (D) The measured transmittance spectrum of ethylene gas in a 1.1-cm-thick gas slab. The spectrum is

adapted from [58].

maximum 15°C drop in temperature with indirect sun-
light, clear sky, and low absolute humidity; however,
concerns regarding the true spectral selectivity of these
TiO, paints were raised by Granqvist and Hjortsberg in
their letter to the editor [70]. Additional experiments
that applied white pigmented paints consisting of TiO,/
BaSO, or TiO,/ZnS in alkyd resin binder on Al panels
showed a 9-12°C temperature drop under nocturnal
conditions [8].

The development of nanomaterials offered more
choices of cooler design. Suryawanshi and Lin fabricated
and tested three types of above-ambient radiative coolers
consisting of carbon-based nanomaterials [nanodiamond
powder (NDP), multi-wall carbon nanotubes (CNTs), or
carbon black (CB)] dispersed in acrylate (AC) emulsion
with the Al back panel [60]. It was found that the compos-
ite cooler with a CNT gives the best performance among

the three, as shown in Figure 5A. Furthermore, 1 wt% of
CNT in AC can lower the temperature by 17°C from 87°C
[60]. Similarly, nanoparticles that have absorption bands
that match the atmospheric window were added to poly-
meric binders to form radiative coolers for below-ambient
cooling. It was found that the two IR absorption bands
of Si0, and SiC nanoparticles, as shown in Figure 5B,
are complementary to each other. Therefore, when the
two nanoparticles are mixed together in the polyethyl-
ene film, the emittance spectrum matches well with the
atmospheric window [61]. The estimated result from the
model proposed in [61] showed that a 25°C temperature
drop below ambient can be achieved when there are
limited non-radiative heat transfer and no sunlight. Other
than polyethylene, PVF and polyvinylidene fluoride are
also good polymeric binders for SiO, and SiC nanoparticle
composite radiative coolers [71].
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Figure 5: (A) Operating temperature vs. time for carbon-based nanomaterial-composite coolers. The cooler with multiwall carbon nanotubes
(CNT-AC) gives the best performance. Adapted with permission from [60]. Copyright (2009) American Chemical Society. (B) The transmit-
tance spectrum of SiO, nanoparticles in polyethylene binder (blue) and SiC nanoparticles in polyethylene binder (red). The transmittance
spectrum of the polyethylene film itself [61] is shown in green. The two nanoparticle emission peaks are complementary to each other, and

both fit within the atmospheric transparency window.

3.3 Nanophotonic radiative coolers

Nanophotonics opens up new possibilities to tailor the
emittance spectrum via properly designing periodic nano/
micro-structures, in analogy with prior efforts in photovol-
taics [72] and TPV [73, 74]. Similarly, for radiative cooling,
the large degree of freedom in engineering nanophotonic
structures potentially allows for better cooling performance
than bulk material or composite coolers. It is proposed that
a bar array consisting of o-quartz gives strong selective
thermal emission within the atmospheric window while
preserving the solar absorption of the underlying structure
(Si nanowire array on Al) [63]. The simulation showed that
the temperature drop during daytime can be as large as
31.4°C with a nonradiative heat exchange coefficient equal
to 6 W/(K m?) [63]. Stronger selectivity in thermal emittance
can be achieved by more complex PhC structures. Reph-
aeli et al. proposed a structure consisting of two layers of
quartz and SiC 2D PhC on top of a 1D chirped dielectric
stack and silver (Ag) substrate [16]. As shown in Figure 6A,
the structure proposed has a strong emittance spectrum
that matches well with the atmospheric window due to
the phonon-polariton resonances of quartz and SiC. Mean-
while, the introduction of a chirped dielectric reflector and
the intrinsically low solar absorption of both quartz and
SiC strongly suppressed solar absorption so that below-
ambient cooling can be achieved during daytime [16]. The
simulation showed that with the optimized PhC structure,
a temperature of 7°C below ambient can be reached with
a non-radiative heat exchange coefficient of 12 W/(K m?)
[16]. In experimental demonstrations, it was shown that a
much simpler nanophotonic cooler structure also cools to

4.9°C below ambient under direct sunlight [17]. Figure 6B
shows the emittance spectrum of the fabricated radiative
cooler. The SEM cross-section of the cooler which consists
of seven alternating layers of SiO, and HfO, on top of Ag is
shown in the inset [17]. The significance of the result is that
a properly designed one-dimensional photonic film that
is feasible for large-scale fabrication could achieve below-
ambient cooling in daytime. However, a low-density poly-
ethylene film, serving as a convection barrier, is used in
the experiment. The non-radiative heat transfer was there-
fore strongly suppressed, giving more significant below-
ambient cooling effect. Fortunately, such below-ambient
cooling in daytime can be achieved even without convec-
tion barriers [66]. Using multilayer polyester stacks, Gentle
and Smith demonstrated 2°C below-ambient cooling under
mid-summer sunlight without using convective barriers
[66].

For above-ambient cooling during daytime, nanopho-
tonic coolers also showed promising performance. It was
proposed by Zhu et al. [18] that a 2D square lattice of SiO,
pyramids can reduce the temperature of the underlying Si
solar cell by 17.6°C. Later, their experiments demonstrated
that a 2D PhC consisting of a square lattice of air holes on
Si0, cools the underlying Si wafer by 13°C [19]. Figure 6C
shows the emittance spectrum of the SiO, PhC and its top-
view SEM cross-section in the inset. Apparently, the PhC
structure enhances the thermal emittance of bare SiO,
within the atmospheric window, yielding an equilibrium
temperature that is 1°C lower than the case with bare SiO,
[19]. A similar 2D PhC structure can enhance the thermal
emittance of low-iron soda-lime glass as well. It is shown
in Figure 6D that a square lattice of air holes on low-iron
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Figure 6: (A) The numerically optimized photonic crystal cooler for a below-ambient cooler under direct solar exposure. Reprinted with
permission from [16]. Copyright (2013) American Chemical Society. (B) The measured emittance spectrum of the fabricated 1D photonic
crystal cooler with feasible structures and excellent emittance within the atmospheric window. Adapted with permission from Macmil-

lan Publishers Ltd (Nature) [17], copyright (2014). (C) The measured emittance spectrum of a bare silicon wafer (black), a bare silica slab
(blue) and a 2D photonic crystal of silica (red). It can be seen that the emission of silica in the atmospheric transparency window can be
enhanced by the 2D square lattice structure. The figure is adapted from [19]. (D) Simulated emittance spectrum of bare low-iron soda-lime
glass (blue) and 2D photonic crystal-enhanced bare low-iron soda-lime glass (red). A similar effect of enhanced emission within the atmos-
pheric window is observed. The broad emission spectrum and low solar absorption is ideal for above-ambient daytime cooling. The figure

is adapted from [64].

soda-lime glass (structure cross-section in the inset) pro-
vides an almost uniform emittance that is close to unity
in mid-IR and is highly reflective in the solar spectrum,
which is close to the ideal case for above-ambient radia-
tive cooling during daytime [64]. Simulations showed that
such radiative cooler design cools a photovoltaic diode of
a specific energy conversion device with high heat load,
known as TPV, by 91°C from 161°C, which will be dis-
cussed in detail in Section 4. The amount of cooling can
significantly increase the efficiency of the TPV system and
improve the reliability thereof.

3.4 Summary

Various radiative coolers can be quantitatively com-
pared by the cooling parameters defined in a way

similar to [2]. From the discussion in Section 2, radia-
tive coolers for below-ambient or above-ambient
cooling have different ideal emittance spectra. There-
fore, a pair of cooling parameters should be defined to
capture the different requirements. Following the work
by Granqvist et al. [2], the spectrally averaged hemi-
spherical emittance inside the atmospheric window
€ is defined as

ave-in

13um
) me dA T, (4, T)e(2)

ave-in

(6)
13um
‘[SHmd/I 1,0, T)

where s(i)=J:/2 d(sin’0)e(4, ) and I,,(4, T) is Planck’s

blackbody radiation function from Eq. (1). The spectrally
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averaged hemispherical emittance outside the atmos-
pheric window ¢ is defined as

ave—out
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It should be noted that this term is different from the
spectrally averaged hemispherical emittance over the
entire spectrum ¢, defined by Grangvist et al. But it can
be derived from ¢_,_ by substituting the first term in the

numerator of Eq. (7) with __ jdi I,,(2, T ). One important
0

reason of picking these two parameters, as pointed out by
Grangvist et al. [2], is that they do not depend strongly on
the operating temperature of the cooler and can be easily
used to estimate the cooling power at certain tempera-
tures. For some of the radiative coolers discussed above,
their cooling parameters are mapped in Figure 7. For the
coolers labeled with *, the cooling parameters are calcu-
lated based on published spectra and are limited by the
spectral range presented. The top-left corner of the plot
(blue shaded region) corresponds to the ideal emittance
profile of a cooler for below-ambient cooling, while the
top-right corner (red shaded region) corresponds to the
ideal emittance profile of an above-ambient cooler. It is
apparent that most demonstrated and proposed coolers lie
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Figure 7: Cooling parameters of selective radiative coolers. The
top-left corner (blue shaded region) implies the best below-ambient
cooling performance. The top-right corner (red shaded region)
implies the best above-ambient cooling performance. Data points
with * were calculated by the author, using detailed spectra previ-
ously presented in the references. Reference list: PVC (1967) [5], TPX
(1979) [2], PVF (1979) [2], SiO (1980) [11], SiO (1981) [2], 10 cm CH,
(1981) [58], AL,0, (1982) [75], Si,N, (1982)* [10], 2 cm NH, (1982) [59],
5cm NH, (1982) [59], SiO_ N__(1984) [56], PhC (2013)* [16], PhC
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(2014)* [17], Silica PhC (2015)* [19], PhC (2016)* [64].
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in the top-left corner, and are therefore more suitable for
below-ambient cooling. However, two designs (silica PhC
(2015) [19] and PhC (2016) [64]) lie in the top-right corner,
and are both strong candidates for above-ambient cooling.
The map shows that bulk material coolers such as SiO, N,
and Si,N, and gaseous coolers such as C,H, and NH, already
have good emittance spectra that are suitable for below-
ambient cooling. Besides, although the absolute cooling of
PhC designs is not always as good as bulk material coolers
developed much earlier, their solar absorption can be sup-
pressed much more significantly. This is an unprecedented
advantage that enables below-ambient cooling even under
direct sunlight. Remarkably, the map shown in Figure 7
clearly differentiates the performance of different coolers
for both above-ambient and below-ambient cooling. It
also allows a quantitative comparison between different
cooler designs, as well as estimating their cooling power.
In the next section, we consider how various materials and
designs can be applied to specific applications.

4 Cooling system applications

The preceding section has provided a comprehensive
overview of the various designs of radiative coolers. In this
section, we will examine the corresponding system-level
applications enabled by radiative cooling. First, using
radiative cooling to improve the performance and reliabil-
ity of conventional (one-sun) solar modules by lowering
operating temperature has recently drawn a great deal of
attention [18-22, 69]. Here, we will discuss the radiative
cooling of solar modules from both the theoretical and
experimental perspectives. Radiative cooling is also of
great interest to systems with serious self-heating issues,
such as CPV and TPV due to the possible cost reduction
by eliminating active cooling. Recent studies of apply-
ing radiative cooling to CPV and TPV will be discussed
[48, 64]. Second, a novel emissive energy harvesting (EEH)
system has been proposed to harness nighttime radiative
cooling power for power generation. We will discuss the
fundamental limit of the power output of EEHs and the
prospect of adopting long-wave IR rectennas and cold
carrier absorbers for these applications [49, 76]. Finally,
the potential benefits of radiative cooling for IR detectors
and electronics will be discussed.

4.1 PV cooling

PV, especially solar PV, is an alternative energy source that
has the potential to reduce our dependence on fossil fuels
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for the 21st century. A typical commercial solar module has
an efficiency of 20%, which means that up to 80% of solar
irradiance is dissipated as heat, thereby increasing the
module temperature. On average, one-sun solar modules
can operate 20-40°C higher than the ambient tempera-
ture. Self-heating becomes even worse for CPV as well as
TPV since the incoming light can be orders of magnitude
higher than that of one-sun solar modules. For the short
term, the elevated temperature directly reduces the power
conversion efficiency of PV cells, for example, tempera-
ture coefficient of —0.45%/°C for crystalline silicon. In the
long run, the aging rate for solar modules can double with
every 10°C increase in average temperature [77], caused by
thermally activated degradation processes, such as corro-
sion and potential-induced degradation [78, 79]. Hence,
cooling photovoltaic cells can dramatically improve per-
formance and reliability, leading to greater energy yield.

4.1.1 One-sun solar PV

Low IR emissivity can exacerbate self-heating in PV [18-22,
69]. As shown in Figure 4 in [22], the emittance of bare
silicon in the IR spectrum is very low; therefore, it emits
negligible thermal radiation. Indeed, bare silicon cells
can operate up to 20°C higher than glass-encapsulated
modules [18, 19, 22], which has much higher emittance.
Nonetheless, its emittance still drops significantly within
the atmospheric window, preventing heat exchange with
the cold universe. Additionally, the emittance of glass
decreases rapidly at an angle of incidence 6 greater than
50°, further suppressing thermal radiation (see Figure 4
of [22]). Note that the rear side of the solar modules also
exchanges thermal radiation with the ground. During the
day, the ground underneath the solar modules can be at
a lower temperature than the ambient owing to shading,
potentially providing considerable cooling power. The PVF
backsheet (an encapsulant polymer) has a hemispherical
emittance, ¢~ 0.85, still lower than the unity. As a result,
there is still room to improve the radiative cooling of the
top (glass) and bottom (PVF backsheet) layers of solar
modules. This brings about a question of the maximum
temperature reduction achievable by radiative cooling for a
one-sun solar module. Reference [18] shows a temperature
difference of 5.2°C between fused-silica glass (eavez0.73)
and ideal radiative cooler (¢, =1) as the top layer for solar
panels. The cover glass of commercial solar modules,
however, has higher hemispherical emittance ~0.84 than
fused-silica glass; thereby the actual cooling gain may have
been overestimated in [18]. Indeed, simulation results in
[22, 69] predict a temperature reduction of only 1-2°C by

X. Sun et al.: Radiative sky cooling =—— 1007

radiative cooling when commercial glass is considered
(see Figure 8). Zhu et al. [19] experimentally demonstrated
radiative cooling on solar cells by using a PhC emitter as
the top layer (its emittance is plotted in Figure 6C). Figure
9A illustrates the experimental setup, and the steady-state
temperature of the solar absorber with the PhC emitter was
measured to be ~AT=1.3°C cooler than that of fused silica in
[19] (AT is expected to be slightly lower for PhC vs. commer-
cial cover glass) (see Figure 9B). Even such a modest tem-
perature change can yield an ~0.13% absolute increase in
efficiency for Si solar modules. Given the efficiency plateau
of Si-based PV in the recent decade [80], radiative cooling
gives a new perspective for further improving the efficiency
of Si solar modules. Moreover, the time to failure of solar
modules follows the Arrhenius relation (i.e. it is propor-
tional to exp(-E,/kT), where E, =0.89 eV is the activation
energy [81]). Radiatively cooling the solar module by 1-2°C
can extend lifetime by up to 20%, substantially increasing
the lifetime electricity yield. Hence, radiative cooling can
improve the performance and reliability of one-sun solar
modules considerably.

4.1.2 CPVand TPV

Radiative cooling is of great interest to systems that are under
excessive heat dissipation and require energy-efficient and
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Figure 8: Simulated temperature reduction obtained by different
cooling schemes (S. Cooling: selective-spectral cooling; R. Cooing:
radiative cooling; S.&R. Cooling: selective-spectral cooling and
radiative cooling combined). The simulation assumes that the wind
speed is approximately 0.5 m/s giving an effective convective coef-
ficient h=10 W/(K m?), conductive heat transfer only at the module
edges through metal frames is neglected, and the ambient tempera-
ture 7, and solar irradiance are 300 K and 1000 W/m?, respectively.
The atmospheric transmittance data are for New Delhi in spring, with
perceptible water vapor (PWV)=18 mm. © 2017 IEEE. Reprinted, with
permission, from [22].
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Figure 9: (A) Experimental setup for radiative cooling in [19]. The left picture shows the apparatus and solar absorbers on a rooftop. The
chambers were tilted at 60° to maximize solar absorption. Shown on the right is the normal view SEM image of the 2D silica photonic crystal
structure (PhC) consisting of a square lattice PhC of 10 um deep air holes with a periodicity of 6 um fabricated on a fused silica wafer. (B)
Temperature measurement of solar absorbers underneath different top layers on a clear day in winter. The measurement was performed with a

windshield to reduce the convection coefficient to 6.5-9.1W/(K m?).

effective cooling schemes. In this context, radiative cooling
appears particularly appealing to CPV and TPV systems.
CPV, an extension of one-sun PV, operates under
concentrated sunlight (up to 100-fold), resulting in
severe self-heating. Despite the use of traditional passive
cooling, the operating temperature of CPV under 24 suns
can still reach up to 140°C [82], considerably lowering
the power output as well as shortening the lifespan. So
far, most work on cooling techniques for CPV has been
limited to heat sinks [83], cycling coolants [84], and
forced air cooling [85], all of which can add up the cost
of CPV systems and reduce the overall energy efficiency.
Recently, by coating the bottom aluminum chassis with
an additional thermal radiation layer to enhance thermal
radiation, Nishioka et al. [48] successfully achieved tem-
perature reduction by 10°C corresponding to 1% absolute
improvement in efficiency for triple-junction CPV systems
under 820 concentration factor (see Figure 10). Note that
the enhanced thermal radiation in [48] is purely from
improved heat exchange with the ground. Extra cooling
gain can be obtained by reconfiguring the CPV system
to direct the enhanced thermal radiation toward the sky,
whose temperature is much lower than the ground.
Likewise, TPV can also experience radiative heat
stress on the order of hundreds of suns in vacuum (to
thermally isolate the thermal emitter), resulting in a
severe thermal management challenge. The temperature
of TPV systems with only passive cooling can easily go
beyond 200°C, and the consequent efficiency drop can be
over 50% [23]. Zhou et al. [64] proposed a setup for radia-
tively cool outdoor TPV applications. The setup consists
of a cooling radiator on top of a heat spreader to ther-
mally concentrate the radiative cooling power on the PV
cells underneath. Using an opto-electro-thermal coupled

simulation framework, a temperature drop of 90°C of TPV
cells by radiative cooling has been predicted in [64] (see
Figure 11A). With sufficient cooling concentration factor
(area ratio between the radiative cooling emitter and the
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Figure 10: The recorded (A) operating temperature and (B) efficiency
of triple-junction concentration photovoltaic systems under 820 suns
concentration with and without thermal radiation coating in [48].
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Figure 11: (A) The design of an outdoor TPV system with radiative cooling. The thermal emitter and PV cell are both enclosed in a vacuum for
mutual thermalisolation. The area of the radiative cooler and heat spreader is larger than that of the PV cell to improve cooling power. (B)
Operating temperature of PV cell as a function of the cooler-to-cell area ratio. The convection coefficient is set to be 2.5 W/(K m?).

PV cell), below-ambient cooling of TPV during daytime
can be realized by employing low-iron soda-lime glass as
the radiative cooler, allowing TPV exceeding the optimal
efficiency at room temperature (see Figure 11B). The
design of radiative cooling in [64] is also transferable to
indoor TPV, though the indoor background temperature
bounds the lowest achievable cooling temperature.

4.1.3 Discussion

Though radiative cooling can improve the short-term
efficiency and long-term reliability for one-sun PV, CPV,
and TPV, one still needs to consider the viability and
cost in practice. For example, fabricating PhC for radia-
tive cooling can be very expensive and not suitable for
large-scale applications. The deep air holes in PhC could
increase susceptibility to soil accumulation, especially in
dry environments. On the other hand, selective-spectral
cooling for photovoltaic applications, that is, preventing
sub-bandgap heating by reflecting the near-IR solar spec-
trum, has been proposed in [22]. As shown in Figure 8,
the cooling gain of selective-spectral cooling can be supe-
rior to radiative cooling for most of the terrestrial solar
modules of different technologies; for example, selective-
spectral cooling and radiative cooling reduce the temper-
ature of one-sun CdTe solar modules by ~8°C and ~2°C,
respectively. Hence, selective-spectral cooling can be
more advantageous for one-sun terrestrial solar modules,
unless inexpensive highly IR emissive cover materials are
developed. Nonetheless, for systems with much greater
heat load (e.g. CPV and TPV) as well as extraterrestrial PV
(no air convection), radiative cooling remains a promising
research opportunity for future study.

4.2 Emissive energy harvester

The earth is constantly radiating approximately 107 W to
the cold universe [49]. In principle, if properly utilized,
radiation from the earth is sufficient to meet the elec-
tricity need for the entire humanity. However, effective
strategies to harness such energy have not been fully
explored. Recently, a device named emissive energy har-
vester (EEH) that can transfer heat from a heat sink to
sky through radiative cooling from a cold reservoir and
convert part of the heat flow into useful work has been
proposed [49, 76] (see Figure 12A). Coupled Carnot’s law
to the steady-state heat flow, the maximum output power
from the engine is P, x(T, /T, —1), where P_  is the
net radiative cooling power from the cold reservoir to
the sky described by Eq. (4). At a fixed T,  and Tsy Peoot
increases with T_ , whereas the Carnot efficiency of the
engine decreases. Hence, there is an optimal tempera-
ture of the cold reservoir that maximizes the power at
a given T, and T, Figure 12B-C summarizes the per-
formance of an ideal EEH (Carnot limited) with different
emission bandwidths [76]. The power density can reach
up to ~300 W/m? (equivalent to a solar cell with 30% effi-
ciency under one sun) with heat sink at a temperature of
500 K. It should be noted that, at high heat sink tempera-
ture that gives an optimal T, , above the ambient, it is
not desirable to confine the wavelength range of thermal
radiation within the atmospheric window because of the
additional outgoing heat from the colder reservoir to the
surrounding background.

Ideally, in analogy to PV, EEHs can be realized by a
semiconductor p-n junction. However, dominant Auger
recombination and generation in mid-IR bandgap semi-
conductors makes such a design impractical. As shown
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Figure 12: (A) Schematic of an EEH. Heat flows from the heat sink to the cold reservoir through the engine, which converts part of the heat
into useable energy; the rest of the heat is radiated to the sky by the cold reservoir (or to the surroundings with non-zero emissivity outside
the atmospheric window). Carnot-limited output power (W/m?) of an ideal EEH that (B) only emits between 8 and 13 um wavelengths with a
unity emissivity and (C) emits as a blackbody upwards placed outdoor at an ambient temperature of 300 K.
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Figure 13: (A) Design of a rectenna-based EEH, where the electrical signal is coupled to IR radiation collected by antennas. (B) Illustration
of a cold carrier EEH. Electrical current is extracted by energy-selective metallic contacts. The back reflector is used to reduce radiative heat
transfer between the cold electrons and the heat source. Reproduced from [76], with the permission of AIP Publishing.

in Figure 13, much more promising candidates have been 4.2.1 Rectenna-based EEH

proposed, that is, rectenna-based and cold carrier EEHs
[49, 76], both of which will be discussed in detail as Traditionally, a rectenna is a rectifying antenna that can

follows. create DC current from electromagnetic microwaves.
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Recently, rectenna-based applications for high-frequency
radiation up to the visible spectrum have been demon-
strated [86—90], which inspires the implementation of EEHs
using rectennas. As pointed out in [49], there are two poten-
tial challenges for realizing rectenna-based EEH, namely,
IR antennas and low-voltage diode asymmetry. Given the
recent development of high-frequency antennas, the first
(IR antenna) is relatively straightforward. Recent advances
in soft lithography can even allow cost-friendly manufac-
ture of large-area IR antennas [91]. The latter (low-voltage
diode asymmetry), however, appears to be much more chal-
lenging. For instance, the oscillating thermal noise voltage
across the diode is expected to be ~1 mV___for the IR rect-
enna in [92]. At such low voltage, the diode has insufficient
asymmetry and essentially acts as a resistor, preventing DC
power generation from the rectenna circuit. Two solutions to
resolve inadequate diode asymmetry have been proposed in
[49]. First, use a high-voltage rectenna by matching a high-
impedance antenna to a high impedance diode or a broad-
band impedance transformer to compensate the impedance
difference. Recent progress on the terahertz transmission
line [93] with high impedance as well as plasmonic wave-
guides with the three-dimensional taper line [94] can shed
some light on the future development of impedance trans-
formers with wide bandwidth, though they are not available
yet. Second, diodes with a high ratio of forward-backward
conductance at low voltage, for example, tunneling and
ballistic diodes, can also provide sufficient diode asymme-
try for rectenna-based EEHs. Though rectenna-based EEHs
show great promise for further exploration, it is not the only
possibility for EEHs. Next, we will review another design,
namely, cold carrier EEHs.

4.2.2 Cold carrier EEH

Cold carrier EEHs have a similar device configuration
compared to hot carrier solar cells but operates in the
completely opposite manner [76]. The working principle
of hot carrier solar cells is to reduce thermalization loss
by suppress carrier cooling (phonon absorption) and
extract those hot carriers through narrow energy bands
or discrete states by selective contacts [95]. In cold carrier
EEHs, however, decoupling carriers and phonons is not to
prevent carrier cooling but rather carrier heating. By a net
photon flux from the EEH emitter to the sky and surround-
ing, the electron temperature is reduced. The redistribu-
tion of electron in the emitter due to colder temperature
(at T.,,) triggers electron transport from the selective
contacts (at T, ) within a narrow bandwidth or at dis-
crete states, therefore generating DC electric power (see
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Figure 13B). Note that the efficiency of cold carrier EEHs
increases with the smaller bandgap of the emitter because
of greater net radiation to the surroundings. It, however,
comes with a penalty; specifically, inevitable non-radia-
tive mechanisms at low bandgap such as impact ioniza-
tion and Auger recombination can reduce the quasi-Fermi
level splitting and consequently open-circuit voltage
[96]. Recently, Santhanam and Fan have experimentally
demonstrated cold-carrier EEHs using a negatively illumi-
nated photodiode made of HgCdZnTe with a bandgap of
218 meV [97]. The extracted power density normalized to
the effective optical area of the diode (0.1 mm?), however,
is only on the order of 10> W/m? far below the Carnot-limit
because of non-ideality such as nonradiative recombina-
tion, finite carrier mobility, and finite contact resistance.
Simulation in [97] has suggested that, by reducing non-
radiative recombination and contact resistance, one can
substantially improve the output power up to ~10 W/m?
with exposure to the 3 K cosmic background. It has also
been suggested in [97] that switching material systems to
[II-V semiconductor compounds with dilute concentra-
tions of nitrogen can further increase the power density
of cold carrier EEHs by suppressing Auger recombination.

4.2.3 Discussion

Beyond the mentioned EEH implementation hereof, other
strategies include using thermoelectric devices as well
as multi-quantum-well heterostructures [49] to harness
energy via radiative cooling. As suggested in [49, 98], the
output power of EEHs can be even improved by up to five
and ten times through solar heating and thermal extrac-
tion, respectively. Even though the practical use of EEHs
still requires additional work and experimental demon-
stration, in principle, it already shows certain advantages
over conventional renewable energy sources. For instance,
one of the biggest challenges of conventional renewable
energy is intermittent availability, for example, there is no
sunlight at night for PV and wind power may not be acces-
sible for certain seasons. Such high temporal fluctuation
of power can induce considerable stress on the grid system
and requires an additional storage system for continuous
electricity supply. On the other hand, radiative cooling is
incessant, so is the energy yield. Thus, EEHs do not have
the issue of intermittence. Beyond terrestrial energy har-
vesting, EEHs can also be a very promising candidate
for space applications. A space vessel at 300 K covered
by EHHs can siphon power up to 50 W/m? by exchang-
ing radiative energy with the 3 K cosmic background [76],
and even to 90 W/m? at 350 K. Despite the great potential
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of EEHs, whether they can play an important role in the
renewable energy landscape remains an interesting open
question until further research efforts have been made.

4.3 IR detectors and electronics
4.3.1 IR detector

An IR detector is essentially a transducer that converts
radiative energy in the IR spectrum to measurable
signals. IR detectors have already been used in a wide
range of applications, including rail safety, gas leak
detection, flame detection, temperature sensing, etc.
Primarily, IR detectors can be categorized as either opto-
electronic (quantum) detectors or thermal detectors (e.g.
pyroelectrical, thermoelectric, thermos-resistive). To
achieve very high responsivity as well as detectivity (two
most important figures of merit for IR detectors), most of
the optoelectronic IR detectors require cryogenic opera-
tion even down to 77 K (liquid nitrogen) [99] to suppress
thermal generation of carrier and thermal noise so as
to improve quantum efficiency [100]. Thermal IR detec-
tors, on the other hand, can still function near room
temperature. The response time of uncooled thermal IR
detectors, however, can be very slow (>107 s) due to the
fluctuations of the background temperature [101]. Thus,
radiative cooling can be of great interest to IR detec-
tors, particularly for those located outdoors, or at places
where deploying active cooling can be difficult. When
the target temperature of radiative cooling is below the
surrounding temperature, great caution should be taken
to reduce any non-radiative heat transfers (e.g. convec-
tion and conduction) from the surroundings to the detec-
tors. Though radiative cooling appears to enhance the
responsivity and detectivitiy, there has not been any
research progress on this topic to the best of our knowl-
edge. We hope that this paper can motivate the pros-
pect of radiative cooling on IR detectors and spur more
research efforts.

4.3.2 Electronics

In the direction toward much smaller yet more power-
ful electronics, the power density of modern electronics
has increased, dramatically raising serious concerns
on self-heating [102-105]. In large systems (e.g. com-
puter clusters), one of the challenges is maintaining all
transistors within the specified operating temperature
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range. Experiments have indicated that the temperature
of working transistors can reach up to 50°C higher than
the room temperature [106]. Note that most of the deg-
radation mechanisms in electronics such as negative-
bias temperature instability [107] or electromigration
[108] depend on temperature exponentially. Thereby,
a 10-15°C increase in temperature can halve the life-
time of microprocessors [109]. For small systems like
handheld devices, it is crucial to maintain the surface
temperature below a certain threshold (45 and 41°C for
plastic and aluminum enclosure, respectively [110]), so
it does not cause any discomfort to the users. For small
portable devices running on batteries, however, passive
cooling is preferred to maximize battery life. It has been
shown that over half the heat dissipation in a tablet
can be via radiation [111], and the internal temperature
difference in electronics attributed to radiation can be
more than 12°C [112]. Despite the importance of radia-
tive cooling, it has been mostly overlooked in the elec-
tronics industry [113]; however, given the promising
potential of radiative cooling for severely self-heated
modern electronics, we encourage researchers to inves-
tigate the viability and implementation of this subject
further.

5 Conclusions

In conclusion, we have demonstrated that the basic prin-
ciples of radiative cooling allow for substantial rates
of passive cooling via exchange of long-wavelength IR
radiation with the sky above. Below-ambient cooling
is enabled by the atmospheric window, ranging from
approximately 8-13 um. A combination of careful mate-
rials choice and nanophotonic design is the key to maxi-
mizing the potential of radiative cooling. Done properly,
this approach should enable a broad range of applica-
tions, which include temperature-sensitive opto-elec-
tronic devices, such as PV, TPV, rectennas, IR detectors,
and electronics. Nonetheless, a number of challenges
remain for future research, which include demonstrat-
ing solar-blind below-ambient cooling, demonstrating
increased efficiency in energy conversion applications,
and demonstrating a scalable process for low-cost
production.
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