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Abstract: Passive daytime radiative cooling has recently become an attractive approach to
address the global energy demand associated with modern refrigeration technologies. One
technique to increase the radiative cooling performance is to engineer the surface of a polar
dielectric material to enhance its emittance at wavelengths in the atmospheric infrared transparency
window (8–13 µm) by outcoupling surface-phonon polaritons (SPhPs) into free-space. Here we
present a theoretical investigation of new surface morphologies based upon self-assembled silica
photonic crystals (PCs) using an in-house built rigorous coupled-wave analysis (RCWA) code.
Simulations predict that silica micro-sphere PCs can reach up to 73 K below ambient temperature,
when solar absorption and conductive/convective losses can be neglected. Micro-shell structures
are studied to explore the direct outcoupling of the SPhP, resulting in near-unity emittance between
8 and 10 µm. Additionally, the effect of material composition is explored by simulating soda-lime
glass micro-shells, which, in turn, exhibit a temperature reduction of 61 K below ambient
temperature. The RCWA code was compared to FTIR measurements of silica micro-spheres,
self-assembled on microscope slides.
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The global demand for cooling technologies represents an escalating problem in society,
accounting for about 15% of global energy consumption and 10% of greenhouse gas emissions.
As the world feels the effects of climate change, new and better cooling solutions will be required
since these figures are predicted to triple by 2050 [1,2]. Cooling below ambient temperature is
needed for a variety of refrigeration applications such as space cooling for human comfort and
data centres [3–5]. On the other hand, above–ambient temperature cooling, i.e., the cooling of an
object hotter than its surroundings, would enhance the efficiency of green power generation such
as solar photovoltaics or thermoelectric modules, [6–8] which are temperature dependent and
would benefit from passive cooling to maximise energy production [9,10].

The Earth maintains thermal equilibrium through the balance between absorbed solar energy
and dissipated energy via thermal radiation, using the vast and cold outer space (3 K) as a heatsink.
Current cooling technologies use the surrounding ambient environment (300 K) as a heatsink and,
therefore, outer-space appears as a far more attractive, inexhaustible thermodynamic resource
[11–13]. Heat can be directly exchanged from objects at the Earth’s surface to outer space by
means of thermal radiation. This provides a radiative heat transfer channel that can be exploited to
achieve terrestrial passive radiative cooling. In this process, the atmosphere is the main limiting
barrier, since it contains water vapour, carbon dioxide, ozone and other greenhouse gasses which
partially absorb the outgoing long-wavelength radiation from the Earth’s surface. This absorption
of atmospheric molecules [14] results in further heating an object at the Earth’s surface due
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to the infrared radiation emitted by the atmosphere (by Kirchhoff’s law of thermal radiation).
However, between 8 and 13 µm, the atmosphere has a distinctive infrared transparency window
where radiation from the surface can reach to the cold outer space without being absorbed. The
net radiative heat flux to outer space from an object at the Earth’s surface is thus limited by the
incident thermal radiation from the atmosphere and the absorbed sunlight. Therefore, in order
to achieve efficient radiative cooling on Earth, surfaces with high emittance in the atmospheric
transparency window that neither absorb the incoming solar radiation nor thermal radiation from
the ambient atmosphere must be engineered. Many such radiative cooling materials have now
been demonstrated using nanopatterning technologies and surface engineering to maximize this
process, promising a viable cooling technology for massive global energy savings [15–19].

For radiative cooling, two main types of material designs are studied: selective emitters,
which have extremely high emittance in the atmospheric IR transparency window (8–13 µm) but
close to zero over all other wavelengths, and broadband emitters which radiate over the entire
infrared spectral region (>2.5 µm) [13,14]. While selective emitters are the preferred choice for
cooling surfaces below the ambient temperature due to their lower absorbed incoming radiation,
broadband emitters drop the requirement for limiting atmospheric absorption in favour of high
spectral emittance in a broad wavelength range. Therefore, broadband emitters are primarily
useful in above-ambient conditions where they can overcome the absorbed atmospheric radiation
with higher radiated power due to their blackbody emission. Figure 1(a) shows the ideal emittance
of perfect broadband (black) and selective (red) emitters, as well as the atmospheric transmittance
(purple) for clear, dry conditions (water column= 1 mm, obtained from the Gemini Observatory
IR transmission data [20]) and the normalised solar irradiance at AM1.5 (yellow). In addition,
the normalised blackbody spectrum at 300 K is plotted (green). It can be seen that the blackbody
radiation peak overlaps with the centre of the IR atmospheric transparency window. With these
emittance/transmittance spectra, the net cooling power (Pcool) of a surface can be calculated as a
function of its temperature (Tr) and the ambient temperature (Tamb), using the following equation:

Pcool(Tr, Tamb) = Prad(Tr) − Patm(Tamb) − Psun − Pcond+conv(Tr, Tamb) (1)

Where Prad is the radiated power due to the surface blackbody emission, Patm is the absorbed
blackbody radiation of the ambient atmosphere, Psun is the absorbed solar power and Pcond+conv
is the environmental heating due to conduction and convection. The latter term is a linear
function proportional to the temperature difference between the emitting surface and the ambient
temperature, for which the constant of proportionality is denoted as hc (detailed expressions for
each term can be found in Supplement 1) [12,21].

The net cooling power of thermal emitters under “perfect” conditions with no solar absorption
(Psun = 0) and/or non-radiative losses (Pcond+conv = 0) is calculated with Eq. (1). This is shown
in Fig. 1(b), along with a typical solar absorption of 3% (Pcond+conv = 0) and conduction and
convection losses (hc = 6.9 W/m2K and Psun = 0), plotted as a function of the difference
between ambient and radiative cooler temperatures. The value of hc = 6.9 W/m2K and the
3% solar absorption were taken from previous reports on radiative sky cooling to represent
realistic conditions [21,22]. It is noteworthy that this is a simplified model which does not
consider the temperature variation across the different layers of the atmosphere. Ideal broadband
emitters outperform their selective counterparts at high temperatures (Supplement 1, Fig. S1),
however, for below-ambient cooling the selective emitters perform better than the broadband
ones, reaching 86 K below the ambient temperature before having a net cooling power of
zero, in comparison to 44 K for the broadband emitters under “perfect” conditions (Fig. 1(b)).
When the net cooling power is equal to zero, the temperature of the emitter stabilizes at a
temperature, Tr |Pcool = 0. The temperature difference between the emitter at this point, and the
ambient temperature is from here on used to characterise the below-ambient cooling performance
of the surfaces and is defined as ∆T = Tamb − Tr |Pcool = 0. Heating from solar absorption hinders
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Fig. 1. Atmospheric conditions and radiative coolers. (a) Spectra depicting the nor-
malised AM1.5 solar irradiance (orange), the atmospheric transmittance for dry conditions
(water column= 1mm) (purple), the ideal broadband emittance spectrum (black), the ideal
selective emittance spectrum (red) and the normalised blackbody irradiance at 300 K (green).
(b) Predicted net cooling power, Pcool, of ideal broadband and selective radiative coolers
obtained using Eq. (1) and the displayed atmospheric transmittance in (a), for three different
conditions: zero convection and zero solar absorption (solid-lines); 3% solar absorption
only (filled circles); and convection/conduction losses only (open circles), with a convection
and conduction coefficient hc of 6.9 W/m2K. Tamb and Tr refer to the ambient and radiative
cooler temperatures, respectively.

the radiative cooling performance of the device. Additionally, in the case of below-ambient
cooling, conduction/convection drive the temperature of the emitter towards that of the ambient.
Thus, to achieve a maximum below-ambient radiative cooling, it is necessary to design a structure
with negligible absorption in the visible, reflecting the solar irradiance from 0.3 to 2.5 µm and to
have an architecture which minimises convective and conductive losses (hc ≅ 0) as demonstrated
by Chen et al. [23].

In order to design and optimise a structure for radiative cooling, an appropriate material
must be chosen with high emittance in the IR transparency window. Fused silica (f-SiO2) is a
seemingly poor choice for a radiative cooler as it is highly reflective in the desired region due
to its bulk phonon-polariton band. This band, also known as the Reststrahlen band [24], is a
spectral region between the longitudinal and transverse optical phonon frequencies, where the
real part of the permittivity takes negative values. Electromagnetic radiation with frequencies
within that range cannot propagate through the material, causing a metallic-like reflectance band
gap [25] (See Supplement 1, Figs. S2 and S3). However, when bulk silica is reduced to small
particles, e.g. in the form of sand, this reflectivity band disappears and is replaced with high
emissivity for particle sizes in the micrometer range [26,27]. This occurs partly due to the
outcoupling of surface phonon-polariton (SPhP) states, which are quantum mechanical waves
that can couple to and from free-space in a similar way to that of surface-plasmons. When a
polar dielectric material is formed into small particles or is structured at the micro/nanoscale,
the outcoupling of SPhP states can be maximised compared to the bulk [16,25,28–32]. Another
feature that contributes to the suppression of the reflectance band is the spherical geometry of the
particles, which reduces the impedance mismatch between air and f-SiO2, and induces localized
surface resonant modes. These features can be combined resulting in high emittance within the
atmospheric IR transparency window, therefore exhibiting a selective spectral profile, which in
turn can be exploited to fabricate selective emitters for radiative cooling.

In this work, we theoretically investigate the radiative cooling performance of new surface
morphologies in the form of silica micro-sphere and micro-shell photonic crystals (PCs). To
calculate their emittances, we use Kirchhoff’s law of thermal radiation whereby the spectrally
and angular dependent emittance is equal to the spectrally and angular dependent absorptance,
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ϵ(λ, θ, ϕ) ≡ α(λ, θ, ϕ), under thermal equilibrium [33]. The absorptance (and therefore emittance)
can be calculated using electromagnetic (EM) solvers by first computing the reflectance and
transmittance, and then taking the difference from unity. The EM solver chosen for this work was
an in-house built rigorous coupled-wave analysis (RCWA) code, written in MATLAB. RCWA is
a Fourier-space electromagnetic solver describing how periodic structures scatter light into the
spatial harmonics of sequential layers, used to obtain reflectance and transmittance.

Three structures were chosen to investigate how to maximise the SPhP emission, which can
be fabricated using colloidal self-assembly methods. The structures simulated were simple
hexagonal photonic crystals of fused SiO2 spheres (Fig. 2(a)), fused SiO2 shells and soda-lime
shells (Fig. 2(b)). Micro/nano-sphere PCs are fabricated by a self-assembly process from a
colloidal suspension and shell-based PCs by coating the PC, made by polymer spheres, with
silica and subsequently dissolving away the polymer spheres [34,35]. In order to make selective
emitters, the structures were simulated on silver which would act as a nearly perfect reflector
in the visible to eliminate the solar power absorbed (Psun = 0). The structures were modelled
as infinitely periodic in the x- and y-directions and discretised into layers in the z-direction,
performing a staircase approximation of the 3D structure (as illustrated in Figs. 2(a)–2(b)). The
simulations were parameterised as a function of wavelength, λ, and polar angle, θ. The emittance
was not observed to vary with the azimuthal angle, ϕ, and so was assumed to be constant in
this dimension. The results obtained with the RCWA code were benchmarked against bulk
reflectance measurements of SiO2 and soda-lime glass from the literature [36] and experimental
FTIR spectra of colloidal SiO2 microsphere arrays deposited on a microscope slide (Supplement
1, Fig. S2).

Fig. 2. Calculated size-dependent spectral emittances. (a) and (b) show the discretisation
of the spheres and shells, respectively, used in the RCWA calculations. Both types of photonic
crystals are simulated on top of silver. The predicted emittance spectra in the IR transparency
window are plotted for (c) silica spheres, (d) silica shells and (e) soda-lime shells, as a
function of wavelength and periodicity, Λ.
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The colour plots in Figs. 2(c)–2(e), show the results for the calculated emittance normal to the
surface, as a function of wavelength and the photonic crystal period, Λ, for the three simulated
cases. The data of 1 mm thick slabs of fused silica and soda-lime glass can be found in Supplement
1 for comparison (Fig. S2), where the Reststrahlen band can be observed between 8 and 10 µm
as a peak in reflectance (or a dip in absorptance/emittance). For the f-SiO2 micro-sphere PC
(Fig. 2(c)), a high emittance from 8 to 10 µm arises as the sphere diameter Λ, is increased. This is
in stark contrast to the high reflectance characteristic of bulk f-SiO2 within the Reststrahlen band
region. There is also a strong emittance peak at 12.5 µm attributed to the permittivity of the bulk
parent material. At Λ ≥ 6 µm, the combination of these peaks results in high emittance across
the atmospheric transparency window. Accompanying this selective emittance, there is also a
second emittance band at higher wavelengths beyond 16 µm due to a second Reststrahlen band
centred at 21 µm (Supplement 1, Figs. S2 and S3) which is a deviation of the emittance spectra
from the “ideal” selective emitter. However, there is a secondary IR atmospheric transparency
window in this region which can additionally contribute to the net cooling power. For example,
for Λ ≥ 5 µm silica micro-spheres at ambient temperature, 17% of the net cooling comes from
wavelengths between 16 and 20 µm.

In order to decouple the emittance due to surface phonon polaritons from that of intrinsic
SiO2 emittance, the SiO2 shells were simulated (Fig. 2(b)) to remove the contribution of the
SiO2 core. The shell thickness was set to be equal to 2% of the inner diameter of the shell. This
thickness was chosen as a balance between reducing the contribution of material emittance and a
realistic shell thickness achievable in their fabrication. Figure 2(d) shows the emittance of the
silica micro-shell PC normal to the surface. A sharp, near unity emittance is seen between 8
and 10 µm and the emittance at longer wavelengths is dramatically reduced compared to the case
of the micro-spheres. This narrow emittance between 8 and 10 µm is therefore attributed to the
outcoupling of SPhPs on the surface of the SiO2 micro-shells.

However, compared to a perfect selective emitter that maximizes below-ambient cooling, the
silica micro-shells still exhibit suboptimal values of emittance in the 10–13 µm range. In an
attempt to improve emittance in this range to encompass the full IR atmospheric transparency
window, another set of PC shells were simulated, this time made from soda-lime glass instead of
fused SiO2. Soda-lime glass is the most prevalent form of glass consisting of SiO2 but with oxide
impurities, mainly Na2O and CaO. Simulations of bulk soda-lime glass (Supplement 1, Figs. S2
and S3) show that these impurities reduce the Reststrahlen band compared to that of pure f-SiO2,
resulting in a relatively acceptable broadband radiative cooler. As predicted, the soda-lime
shells exhibited a broader emittance peak in the IR atmospheric transparency window (Fig. 2(e))
compared to that of the SiO2 shell PC counterpart, attributed to surface electromagnetic modes
and to the different chemical compositions. However, even with these thin shells of soda-lime
glass, a relatively large contribution of the emittance that arises from the permittivity of the bulk
parent material was found to be present at wavelengths longer than 13 µm.

To analyse the performance of these structures as selective radiative coolers, the emittance
spectra were used to calculate the net cooling power as a function of temperature difference to
the ambient (Tamb = 300 K) using Eq. (1). The selective cooler figure of merit, was chosen to
be the temperature difference ∆T between the ambient temperature and the emitting surface, at
which the net cooling power is equal to zero as defined above. In Figs. 3(a)–3(b), ∆T is plotted
as a function of photonic crystal period, i.e, the outer diameter of micro-spheres and the inner
diameter of micro-shells, for two cases, hc = 0 and hc = 6.9 W/m2K. In both cases the solar
absorption term is assumed to be zero, due to the high reflectance in the visible of the thin layer
of structured silica on silver. Additionally, ∆T for f-SiO2 and soda-lime bulk materials (1 mm),
backed with silver is plotted for comparison.

In Fig. 3 it is seen that all three 2D arrays outperform their bulk counterparts as selective
coolers under “perfect” conditions, namely, zero solar absorption and zero conduction and
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Fig. 3. Radiative cooling performance of simulated structures. Temperature difference
between the ambient temperature and the emitting surface, at which the radiative cooling
power is equal to zero (∆T = Tamb − Tr |Pcool = 0) for the three micro structures and the
two bulk materials, as a function of the micro-sphere/shell diameter, (a) under “perfect”
conditions (zero convection/conduction and zero solar absorption) and (b) with a convection
and conduction coefficient of 6.9 W/m2K.

convection losses, with the f-SiO2 micro-spheres performing best. The micro-sphere array
reaches a maximum temperature difference of ∆T ≃ 73 K below ambient for 2 µm diameter
spheres. For micro-sphere PCs with higher diameters, the net cooling power decreases as more
emittance outside the transparency window increases. This decrease is not observed in the
micro-shells, which showed a continual increase in net cooling power with increasing diameter
up to ∆T ≃ 68 K at Λ= 10 µm. The soda-lime micro-shells exhibited a similar behaviour as that
of the silica micro-shells although with lower performance attributed to their higher emittance
outside the atmospheric transparency window, reaching a maximum temperature difference
of 61 K below ambient (Λ= 4 µm). Figure 3(b) shows the results for the same structures this
time including convection and conduction heat transfer (hc = 6.9 W/m2K). In these less-than-
ideal circumstances only the silica micro-spheres outperform the bulk material, resulting in a
temperature difference of 15 K below ambient at Λ= 7 µm. This is because larger spheres exhibit
a higher broadband emittance. As shown in Fig. 1(b), perfect broadband emitters show a smaller
net cooling power reduction than perfect selective coolers when conduction and convection losses
are introduced. The micro-shells show a much smaller ∆T when convection and conduction
heating is considered, due to their narrower emission.

The best radiative cooling cases for zero convective and conductive heating and zero solar
absorption were 2 µm silica micro-spheres, 10 µm silica micro-shells, and 4 µm soda-lime micro-
shells. Figure 4(a) shows the emittance spectra normal to the surface of the three cases and
the atmospheric transmittance. The 2 µm silica spheres achieve high emittance coverage of the
atmospheric window, averaging at 0.65 for a broad range of angles (Fig. 4(b)). Despite having
comparable emittance coverage (0.60–0.70), the silica 10 µm shells achieve lower net cooling
power compared to that of the spheres. This is believed to be due to the high emittance at the
ozone (O3) atmospheric absorption line at 9.5 µm, leading to a higher value for the absorbed
ambient radiation (Patm). The low emittance across the atmospheric window (0.50) and the
relatively high atmospheric absorptance, limit the radiative cooling performance of the soda-lime
shells when compared to the silica shell.

Further analysis of the angle-dependent emittance of these three cases sheds light onto the
underlying physics behind the enhanced emittance (Fig. 5). The p-polarised emittance has been
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Fig. 4. Unpolarised angle-dependent spectral emittance (a) Emittance spectra of the
silica spheres, silica shells, and the soda-lime shells for sizes which showed the highest value
of ∆T for each case: 2 µm, 10 µm and 4 µm, respectively. The atmospheric transmittance
profile is superimposed. (b) The average emittance of the three mentioned cases in the
atmospheric transparency window (8–13 µm) as a function of angle.

plotted in Fig. 5 and s-polarisation data can be found in Supplement 1, Fig. S4. Black dotted
lines indicate the wavelengths at which the real part of the dielectric constant is equal to zero,
8 µm and 9.3 µm for silica and, 8.9 µm and 9.7 µm for soda-lime. The wavelengths correspond to
the longitudinal (LO) and transverse (TO) optical phonon frequencies, respectively i.e., these are
the frequencies at which longitudinal and transverse oscillations of the ions in the material are
resonant. All three cases show a strong emittance just above the TO mode for a large range of
angles, accounting for the majority of emittance improvement in the simulations. Furthermore,
for the silica micro-spheres, a high emittance peak is observed at the resonant frequency of the
longitudinal optical phonon mode at 35° (Fig. 5(b)). For the silica structures, spheres and shells,
a sharp, non-dispersive resonance is present between the optical phonon frequencies at 8.9 µm.
This is attributed to the direct outcoupling of the surface-phonon polaritons. The same SPhP
resonance is not present in the soda-lime micro-shells due to the “weaker” Reststrahlen band.

In conclusion we predict that spherical silica micro-structures on a surface reflecting the solar
irradiance from 0.3 to 2.5 µm (in this case silver) have a great potential for below-ambient radiative
cooling applications, especially under set-up designs that limit conduction and convection losses.
Structures were characterised by the maximum temperature difference between the cooler and the
ambient that can be achieved by passive radiative cooling i.e., when the net cooling power becomes
equal to zero (∆T = Tamb −Tr |Pcool = 0). When solar absorption and conductive/convective losses
were not considered, silica micro-spheres and silica micro-shells PCs reached temperatures of
73 K and 67.9 K below ambient, respectively. Silica micro-shells are seen to exhibit extremely
narrow thermal emission between 8 and 10 µm attributed primarily to the surface phonon-
polariton outcoupling from the structures to free-space. This could form a narrowband thermal
IR source for photonic applications [17,37]. Soda-lime glass micro-shell PCs were investigated
in an attempt to improve the narrow-band emittance achieved using f-SiO2, such that it could
encompass the full IR atmospheric transparency window. Despite the broadened emittance in
the targeted spectral range resulting from the impurities present in this type of glass, lower net
cooling power and a higher below ambient temperature of 61 K were achieved, due to the higher
atmospheric absorption. Finally, the angle-dependent emittance of the proposed structures has
been analysed, and the results suggest that the strong emittance of the three PCs is mainly due to
surface electromagnetic modes and partly due to SPhP outcoupling in the case of pure f-SiO2
structures. Our work presents the potential of a material platform for below-ambient radiative
cooling applications that is simple, cost-efficient, can be mass-produced and avoids the use of
plastics.
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Fig. 5. p-polarised directional spectral emittance (a) The p-polarised average emissivity
of the three considered best cases across the atmospheric transparency window (8–13 µm).
Directional spectral emittance in the p-polarisation of (b) 2 µm silica spheres, (c), 10 µm
silica shells, and (d), 4 µm soda-lime shells. Dotted lines indicate at which wavelength the
dielectric constant is zero for the respective material.
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