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ABSTRACT: Radiative cooling, a passive cooling technique, has
shown great potentials in recent years to lower the power
consumption of air conditioning. With the ever-increasing cooling
power being reported, the theoretical cooling limit of such a
technique is still unclear. In this work, we proposed a theoretical
limit imposing an upper bound for the attainable cooling power.
To approach this limit, we exploited the localized surface plasmon
resonance (LSPR) of self-doped In2O3 nanoparticles, which
enhance the emissivity in both primary and secondary atmospheric
windows. The measured cooling power of poly(methyl meth-
acrylate) (PMMA) films containing 4.5% In2O3 nanoparticles is
very close to the limit with the closest value only about 0.4 W/m2

below the limit. Hopefully, this work may help the researchers
better evaluating the performance of their device in the future and pave the way for achieving even higher radiative cooling powers
during the daytime operations with the help of LSPR.
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Traditional refrigeration technologies such as air con-
ditioning consume power to achieve subambient temper-

atures. As previously reported, about 15% of the building’s
power consumption is attributed to air conditioning.1 The
ever-increasing power consumed by air conditioning has raised
the global demand for energy and also brings about other
environmental problems including the release of greenhouse
gases. Radiative cooling, a passive cooling technique relying on
radiating energy directly into the outer space, can work without
any external energy input and has the potential to significantly
lower the energy consumption.2

To achieve efficient radiative cooling, infrared emitters
emitting strongly in the atmospheric window are necessary.3−5

Two atmospheric windows are available in the mid-infrared
range: the primary window of 8−13 μm and the secondary
window of 16−28 μm. The primary window has a higher
transmittance than the secondary window4,6 and matches
better with the peak of the blackbody radiation spectrum at
room temperature (300 K) (Figure 1a). Even though an ideal
blackbody emits a similar amount of power within the two
windows (Figure 1a), the primary window contributes to the
majority of the cooling power. Moreover, the primary window
is also less susceptible to water vapor4,7 than the secondary
window. As a result, extensive efforts have been devoted to the
primary window, and different types of near-perfect infrared
emitters were designed.5 Various studies have shown that
cooling power greater than 100W/m2 can be achieved6,8−11

and that the reported cooling power still keeps increasing in

recent years. Therefore, it is about time to estimate the
ultimate cooling ability of this technique and put forward a
theoretical limit for further reference. To do that, the
secondary window, which is globally available (Figure S1),
must be included as it may provide an additional cooling
power of more than 20 W/m2.4

In this work, we calculated the theoretical limit of the
radiative cooling power, taking into account both atmospheric
windows. The transmittance data of the atmosphere is
generated using the ATRAN modeling software in the 2−28
μm range.12 In addition, we also proposed a possible approach,
i.e., exploiting the localized surface plasmon resonance (LSPR)
to reach the theoretical limit. The semiconductor nanoparticles
(NPs) with appropriate carrier concentration generates LSPR
in the mid-infrared region. This resonance arises from the
resonant interaction of free charge carriers with the oscillating
electromagnetic field and results in significant absorption
enhancement near the resonance.13−18 More importantly, the
resonance peak is much wider than the molecular and phonon
resonances,9,10,19−23 which are widely exploited in current
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literature (Figure 1b). Therefore, it has the potential to cover
both atmospheric windows, which is very hard with current
techniques unless some sophisticated photonic structures are
adopted.8,11,23−27 Meanwhile, by choosing wide band gap
semiconductors, high solar transparency may also be achieved,
which is almost impossible for other types of infrared emitters
covering both windows.28,29 To verify the cooling ability of this
approach, we experimentally showed that adding self-doped
indium oxide (In2O3) nanoparticles into poly(methyl meth-
acrylate) (PMMA) significantly enhanced the emissivity in
both windows. The net cooling power of the composite film at
night is found to be close to the theoretical limit with the
closest one only about 0.4 W/m2 below the limit.
To obtain the theoretical limit of the radiative cooling

power, we first studied the heat transfer balance, and the net
cooling power Pcool is defined as

= − − −P T T P T P T P P T T( , ) ( ) ( ) ( , )cool a rad atm a s nrad a (1)

T and Ta are temperatures of the surface and ambient air,
respectively. Prad(T) is the power emitted per unit surface area,
which increases with T. Patm(Ta) is the absorbed emission from
the ambient air by the surface. Ps is the absorbed solar
radiation, and Pnrad(T,Ta) accounts for the nonradiative heat
transfer and is interpreted as hc(Ta − T) by introducing a
nonradiative heat transfer coefficient hc (W/m2/K). Under a
certain ambient temperature, the surface temperature T drops
for positive Pcool, and a steady state is achieved when Pcool
becomes zero. It is natural to pick the temperature difference
under the steady state; i.e., ΔT = Ta − T as the parameter to
characterize the cooling ability of a device. However,
depending on the real operating conditions, hc may vary in a
range of 2−20 W/m2/K25 so that ΔT can be quite different
even for the same device under different ambient conditions.

Therefore, to evaluate the cooling ability of different devices, a
better parameter will be the cooling power, which can be
experimentally measured with a heater to compensate for the
heat loss due to thermal radiation.11 During the measurement,
the surface temperature T is kept the same as the ambient
temperature Ta, and the nonradiative heat transfer power Pnrad
becomes zero. The cooling power Pcooling(Ta) is defined as
Pcool(T = Ta) and is equal to the power flowing from the heater
to the device.
To obtain the theoretical limit of the cooling power, one can

assume a complete reflection of solar energy, i.e., Ps = 0 and
maximize the term Prad(Ta) − Patm(Ta) as shown in eq 1. As a
result30

∫ ∫π θ θ λ

ε λ θ ε λ θ λ θ

=

[ − ]

π ∞
P T I T( ) 2 cos sin ( , )

( , ) 1 ( , ) d d

cooling a
0

/2

0
b a

a (2)

in which ε(λ,θ) and εa(λ,θ) are the angular and spectral
emissivity of the surface and the ambient air, respectively, θ is
the zenith angle, and λ is the wavelength. Ib(T,λ) is the spectral
radiance of a blackbody at temperature T and follows Planck’s
law:

λ
λ

= ℏ
−λℏI T

c
e

( , )
2 1

1c k Tb

2

5 / B (3)

ℏ is Planck’s constant, c is the speed of light, and kB is the
Boltzmann constant. The angular air emissivity εa(λ,θ) is
defined as

ε λ θ λ= − θt( , ) 1 ( , 0)a a
1/cos

(4)

where ta(λ,0) is the spectra transmittance of the atmosphere at
the zero zenith angle, and we used the data provided by the
ATRAN modeling software in the wavelength range of 2−28
μm covering both windows.12 The water vapor column is set as
1.0 mm to maximize the transparency of the secondary window
(16−28 μm). Equation 2 clearly indicates that a perfect
blackbody with ε(λ,θ) = 1 reaches the maximum cooling
power. Therefore, we set ε(λ,θ) = 1 for calculating the limit. It
is worth noting that a selective emitter that emits strongly only
in the 8−13 μm primary window is typically regarded to be
better than the blackbody emitter we adopted here.19,31

However, if the secondary window is included, the power
emitted via this window may outweigh the power absorbed
from the atmosphere. In most common applications, when the
temperature drop is around 10 K, the blackbody emitter is
better than or at least as good as a selective emitter (Figure
S2). In applications to achieve deep subfreezing temper-
atures,19 a selective emitter is absolutely needed.
The calculated theoretical limit Pcooling is illustrated in Figure

2 (blue circles). To clearly demonstrate the contributions from
different windows, we also showed the achievable cooling
power solely relying on the primary 8−13 μm window (violet
circles). It becomes clear that the secondary window
contributes about 20−40 W/m2 of the total power. On the
basis of the calculated data, we also obtained an empirical
relation for the theoretical limit as follows:

εσ= −P T T( )cooling a 0
4

(5)

where σ = 5.67 × 10−8 W/m2/K4 is the Stefan−Boltzmann
constant. ε = 0.61 and T0 = 34.5 K were found with a least-
square fit. Meanwhile, the cooling power due to the primary

Figure 1. (a) Thermal radiation of a blackbody at room temperature
and the atmospheric transmittance in the range of 2−28 μm. The
power in the shaded area is the power emitted from a blackbody (b)
IR absorption spectrum of PMMA (red line). The calculated IR
absorption spectrum of metal oxide nanoparticles (blue line) arising
from LSPR (Section III, Supporting Information for details).
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window also follows the same relation with the two parameters
as ε = 0.63 and T0 = 53.4 K, respectively. It can be regarded as
the limit for a perfect selective emitter, which emits strongly
only in the primary window.
In practical applications, covering both windows is not easy

as the total width of the atmospheric window [1250 cm−1 (8
μm) − 357 cm−1 (28 μm) = 893 cm−1] is much greater than
the typical width (less than 50 cm−1) of a molecular vibrational
peak of polymer.32 Here, we propose to exploit the LSPR of
doped semiconductors to achieve strong radiations in both
windows. The width of a resonance peak is close to the
damping coefficient of the charge carrier. The typical carrier
mobility μ in doped semiconductors for mid-infrared LSPR is
about 20 cm2/V/s.16,17 The damping coefficient γ = e/(mμ) (e
the elementary charge and m the effective electron mass taken
as half of the free electron mass) is estimated to be around 900
cm−1, which is comparable with the width of the atmospheric
window. In reality, there might be other factors affecting the

resonant peak, e.g., surface scattering,33 mixing with lattice
mode.34 As will be shown below, our particle size is greater
than the electron free path length (<10 nm) so that the surface
scattering is negligible.35 Meanwhile, the random distribution
of nanoparticles at a relatively low concentration leads to the
absence of lattice mode.
To demonstrate this idea, we use self-doped indium oxide

(In2O3) to generate LSPR. In2O3 is a wide band gap
semiconductor with high solar transparency (Figure S8), and
adding In2O3 to the polymer film does not lead to an obvious
rise of solar absorption (Figure S8). The In2O3 nanoparticles
were synthesized via a simple one-step liquid phase method36

(Section VI, Supporting Information). As shown in Figure
3a,b, we successfully obtained In2O3 NPs with diameters
around 28 nm, and the X-ray diffraction pattern indicates a
pure cubic bixbyite structure. The In2O3 NPs were dispersed in
CCl4 for FTIR measurement. As illustrated by Figure 3c, a
wide LSPR peak shows up near 8 μm. Since no aliovalent
element was added to replace In atoms during the synthesis,
the LSPR must arise from the self-doping defects due to the
presence of oxygen vacancy. The existence of oxygen vacancy
was confirmed by X-ray photoelectron spectroscopy (XPS).
Figure 3d is the O 1s core-level spectrum that can be
deconvoluted into two distinct peaks. The peak at 530.79 eV
corresponds to the oxygen bond of In−O−In, and the other
peak at 532.31 eV is deemed as the oxygen defects.37,38 We
also further quantify the permittivity of the synthesized In2O3
with the help of the Drude model:

ε ε
γ

= −
+∞f
f

f f i
( )

( )p
p
2

(6)

f is the frequency of light, ε∞ = 3.817 is the high-frequency
permittivity, f p is plasma frequency, and γ is the damping
coefficient. f, f p, and γ are all in units of cm−1. By fitting the
FTIR data (Section III, Supporting Information), f p and γ were
extracted as 2900 and 1200 cm−1, respectively. The damping
coefficient γ is greater than the width of the atmospheric

Figure 2. Theoretical limit of radiative cooling power. The blue and
violet circles are simulation results of the whole window and the
primary window, respectively. The solid curves are the least-squares
fitting results with the empirical relation.

Figure 3. Characterizations of indium oxide Nps. (a) TEM image of In2O3. (b) XRD pattern of In2O3 Nps. (c) The measured FTIR spectrum of
In2O3 Nps (blue circles) and the fitting results (red curve). (d) Curve fitting of the O 1s peak in the XPS spectrum of In2O3 Nps. Black circles are
the experimental data, which are deconvoluted into two peaks centered at 530.79 eV (green curve) and 532.31 eV (pink curve).
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window (893 cm−1), showing its potential to cover both
windows. It is worth noting that all of the FTIR data in this
work was obtained under the attenuated total reflection (ATR)
mode and was not exactly the same as the spectrum emissivity
of the surface (Section II, Supporting Information).
Poly(methyl methacrylate) was chosen as the host material

to fabricate composite films containing In2O3 nanoparticles. As
will be shown later, the choice of polymer is actually quite
casual as strong emissivity in both windows can be achieved
solely relying on LSPR. We first prepared the pure PMMA film
by the drop-casting method and characterized its infrared
property. The FTIR spectrum is shown in Figure 4a, and the
permittivity εh of PMMA was extracted with an algorithm
proposed by Ohta and Ishida39,40 (Section IV, Supporting
Information). Figure 4b is the optical constants of PMMA that
will be used for further simulation, and the absorption
spectrum calculated with the extracted optical constants
shows excellent agreement with the experimental data (Figure
4a).
To fabricate the composite films, we added the acetone

suspension of In2O3 NPs to the anisole solution of PMMA and
stirred for over 24 h. The mixture was then scraped onto the
aluminum substrates for infrared characterization and cooling
tests. The FITR spectrum of the composite film containing
4.5% vol In2O3 is shown in Figure 4c. By adding In2O3
nanoparticles, an obvious enhancement of absorption can be
seen in both windows by comparing Figure 4a and Figure 4c.
The emissivity of the composite film depends on the film

thickness d and particle concentration χ. To find the
appropriate parameters for achieving strong emissivity in
both windows, we used the optical theory to calculate the
angular spectrum emissivity ε(λ,θ). The transfer matrix
method was used to obtain the reflection coefficient R(λ,θ)
of a film with thickness d,41,42 and the spectrum emissivity
ε(λ,θ) is defined as

ε λ θ λ θ λ θ= − +R R
( , ) 1

( , ) ( , )
2

s p

(7)

where Rs and Rp are the reflection coefficient of the s- and p-
polarized waves and the formula for the reflection coefficients
can be found with eqs S8, S9, and S11 in Supporting
Information. The optical constants of the composite film are
based on Maxwell−Garnet model:43

ε ε
ε ε

χ
ε ε
ε ε

−
+

=
−
+2 2

eff m

eff m

p m

p m (8)

εeff is the effective permittivity of the composite film. εp and εm
are the permittivity of In2O3 NPs and PMMA, respectively, and
both of them were extracted from the experimental data
directly as described above. χ is the volume fraction of the NPs.
Figure 4c shows a good agreement indicating that the model is
sufficiently accurate to predict the spectrum emissivity (Other
fits can be found in Figure S9.) The optimal concentration
range was found to be 3%−5% vol (Figure S7). Figure 4d
clearly indicates that, under a constant volume fraction of 4.5%,
the film thickness must be greater than 25 μm to achieve large
emissivity in both windows. Moreover, the calculation with
other different polymers (polystyrene and poly(vinyl alco-
hol))44 shows similar spectrum emissivity due to the strong
broadband enhancement of LSPR (Figure S7). It supports our
early claim that the polymer selection is quite causal, which
offers us great freedom to pick polymers with higher solar
transparency in the future.
Following the theoretical estimation, the volume fraction of

NPs was set at 4.5%, and the film was fabricated to be thicker
than 25 μm (28.9 ± 1.7 μm as shown in Figure S10). We made
a series of cooling performance measurements in Nanjing,
China, from December 2019 to January 2020. To avoid solar
irradiance, the test was conducted at night. We used a foam
box with good thermal insulation as the measuring device

Figure 4. (a) The measured FTIR spectrum of PMMA film (blue circles) and the fitting results using the iterative algorithm (pink curve). (b) The
real and imaginary part of the refractive index of PMMA extracted based on the experimental data. (c) The measured FTIR spectrum of the
composite film (blue circles) and the fitting result using the Maxwell−Garnet model (pink curve). (d) The contour plot of spectral emissivity of a
composite film of different thicknesses at zero zenith angle.
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(Figure 5a). The device was placed on an open roof of the
building to ensure the direct emission into the sky. An electric
heater was attached to the back of the radiative emitter and
connected to a regulated DC power supply to keep the surface
temperature the same as the ambient air (Figure 5a). The
power supply was off initially, and a temperature drop of over 7
°C was achieved (Figure 5b). The power supply was then
switched on, and the input power was adjusted to bring the
whole system to a new steady state. We collected a series of
cooling power data for the composite film at different ambient
temperatures, and the pure PMMA film was also tested. An
obvious increase of cooling power can be observed by adding
In2O3(Figure 5c), and the cooling power of the composite film
is extremely close to the limit with the closest value only about
0.4 W/m2 below the limit. Our values appeared to be closer to
the theoretical limit as compared to the reported data in the
literature. For those cooling powers measured under daytime
operations, we added the absorbed solar power to the total
cooling power for comparison.
Meanwhile, the close-up image in Figure 5c showed that the

measured values are only slightly higher than the theoretically
predicted values, which is obtained by substituting eq 7 into eq
2. The parameters were set as χ = 4.5%, d = 28.9 μm, and the
calculation did not involve any fitting parameters! The nice
agreement between theory and experiment further consolidates
the idea of plasmon-enhanced emissivity. The slightly higher
experimental value is probably due to the surface roughness of
the fabricated film (28.9 ± 1.7 μm Figure S10), which
effectively increases the surface area, while a smooth surface
was assumed in the simulation. To the best of our knowledge,
this is the first experimental demonstration of LSPR enhance-
ment on the radiative cooling ability. To achieve efficient
daytime radiative cooling, one needs to select polymers with
higher solar transparency and substrate with higher solar
reflectance to suppress solar absorption as much as possible.
In summary, we calculated the theoretical limit of the

cooling power of a radiative cooling device and put forward an
empirical relation between the cooling power and ambient

temperature. The theoretical limit may be treated as a standard
to evaluate the performance of a device. Furthermore, we
proposed and verified that one can approach this limit by
exploiting the broadband LSPR enhancement of emissivity.
The measured cooling power is very close to the limit
indicating strong emissivity in both atmospheric windows. We
hope that this work may pave the way for achieving even
higher radiative cooling powers during the daytime operations
with the help of LSPR.
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