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A B S T R A C T

Passive radiative cooling has emerged as a promising solution to address the challenges of energy consumption
and climate crisis. Calcium carbonate (CaCO3) is a material seen in both cooling paints and snail shells
for cooling purposes but with nanoparticle and multilayer morphologies, respectively, raising the question
of how the morphology affects the radiative cooling performance. In this work, we calculate the optical
performance of the calcite-air nanolayer and nanosphere composites using the Transfer Matrix Method and
Mie theory combined with Monte Carlo simulation, respectively. Notably, the nanolayer composite, with
a 60% volume fraction, has the maximum reflectance and optimizes at a nanolayer thickness of 300 nm.
In comparison, spherical nanoparticles reach their optimum reflectance at around 500–600 nm diameter.
Furthermore, nanolayers exhibit higher sky window emissivity of up to 6%, resulting in the highest figure of
merit. These results highlight the unique behaviors of each morphology and underscore the need for distinct
optimized parameters to achieve high solar reflection.
1. Introduction

In recent decades, global warming has become a major concern for
the Earth’s ecosystem, prompting the exploration of various renewable
energy technologies to reduce reliance on fossil fuels. One promising
avenue in the fight against climate change is radiative cooling, a passive
cooling method that utilizes materials capable of reflecting sunlight
strongly (wavelength range 0.25–2.5 μm) and emitting heat effectively
into deep space via the sky window (wavelength range 8–13 μm) [1].
This process facilitates surface cooling without the need for electricity
consumption, resulting in sub-ambient temperatures. Researchers have
made significant strides in developing composites tailored for radiative
cooling, such as a commercial titanium dioxide paint layer coated on an
aluminum substrate [2], multilayer system of silicon oxide and hafnium
oxide [3], a calcium carbonate-acrylic paint [4] and more radiative
cooling discoveries [5–11].

While these innovative composites have shown promise in reducing
temperatures, the natural world offers intriguing insights as well. Mul-
tiple species found in nature manage to cool their bodies due to their
complicated structures, e.g., silver ants [12,13], beetles [14], and but-
erflies [15]. Interestingly, some species of snails, like Sphincterochila
oissieri found in Egypt and Israel, have evolved to thrive in extreme
nvironments where ground surface temperatures can reach scorching
ighs of 65 ◦C during the summer season [16]. These resilient snails
we their survival to the remarkable radiative cooling properties of
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their shells, which are structured in intricate layers [16]. This nanolayer
morphology, reminiscent of photonic structures studied extensively in
literature [17–21], has recently emerged as a promising avenue for
enhancing radiative cooling [22–28].

Interestingly, the CaCO3 cooling paints [4] and snail shells [16] are
two systems both made by calcium carbonate (CaCO3), but they employ
different morphologies. The question of whether nanolayer structures
outperform nanocomposites with spherical particles in practical radia-
tive cooling applications has yet to be definitively addressed through
experimental investigations. To bridge this gap, our study harnesses
theoretical models and simulations to comprehensively evaluate these
two distinct structural approaches. Our goal is to elucidate which
morphology holds greater potential for optimizing radiative cooling
performance.

In this work, drawing inspiration from the intriguing structure
of snail shells, we embark on a comparative analysis of nanolayer
structures and nanocomposites featuring spherical particles. Leveraging
established computational methods, we employ the transfer matrix
method (TMM) for nanolayers and Mie theory in conjunction with
Monte Carlo simulations for spherical nanoparticles. These techniques
allow us to predict the optical properties of both one-dimensional (1D)
multilayer structures and three-dimensional (3D) composites consist-
ing of spherical nanoparticles and enable us to uncover the optimal
approach for achieving efficient radiative cooling while maintaining a
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rigorous and equitable comparison. Parameters such as layer thickness,
particle size, and a 60% volume fraction remain the same across
both models. Our initial hypothesis postulates that nanolayers may
outperform spherical particles due to the bio-inspired structure of snail
shells. As we embark on this investigation, we endeavor to address the
existing research gap and provide valuable insights into the design and
optimization of radiative cooling systems. In the following sections,
we will present our methodology for comparative analysis, share our
findings, discuss their implications, and conclude with insights into the
structure that provides better radiative cooling performance.

2. Methods

In this study, we conduct a comparative analysis between two
distinct morphologies: the calcite nanosphere-air composite (Fig. 1(a))
and the calcite-air multilayer structure (Fig. 1(b)). The schematic of
Fig. 1(a) depicts a nanocomposite consisting of spherical particles
inspired by the SEM image of BaSO4-Acrylic paint, shown at the
ottom, while the schematic of Fig. 1(b) shows a multilayer of two
istinct materials, inspired by the SEM image of calcium nanolayers
ccurring in Sphincterochila zonata desert snails. To evaluate their
adiative cooling performance comprehensively, we employ a two-
ronged approach. Firstly, we utilize the Mie theory combined with the
onte Carlo algorithm (Fig. 1(c)) to assess the optical properties of the
pherical nanoparticles, enabling the calculation of crucial parameters
uch as reflectance, transmittance, and absorptance. Secondly, we turn
o the analytical TMM (Fig. 1(d)) to predict the spectral response of the
ultilayer structure. This dual methodology provides a rigorous and
quitable basis for our investigation, allowing us to gain insights into
he radiative cooling potential of these structures across various optical
arameters.
The models utilized in our study have been extensively validated

nd are well-established in the literature. For instance, the combination
f Mie Theory and the Monte Carlo algorithm has been previously
alidated, as demonstrated in the work of Li et al. [10], where it exhib-
ted strong agreement with experimental findings. Similarly, the TMM
ffers an analytical solution to Maxwell’s equations for electromagnetic
aves within a multilayer structure, with its efficacy reliant on the
ptical properties of the materials involved. Roy Chowdhury et al.
ave recently validated the TMM using experimental measurement for
hermal barrier coatings [29].

.1. Mie theory

The Mie theory combined with Monte Carlo simulation is used to
imulate the nanosphere-air composite. In this work, Mie theory is used
o calculate the optical properties of a single spherical particle, such as
he scattering and absorption coefficients and the asymmetry param-
ter. This theory is an analytical solution Gustav Mie developed and
onsiders the correlation between particle cross-section and incident
ight wavelength (𝜆) [30–32].
Calcium carbonate (CaCO3) particles are found in multiple shapes

33]. For simplicity, we simulate spherical particles such that only one
haracteristic length in each system is considered, i.e., the sphere di-
meter and layer thickness; therefore, a fair comparison is maintained.
Two dimensionless inputs are needed to carry out Mie theory cal-

ulations, the complex index of refraction (𝑛̄ = 𝑛1+𝑖𝜅1
𝑛0

) and the size
parameter (𝑥 = 𝜋𝑑

𝜆 ), where 𝑛0 and 𝑛1 are the refractive indices of air
nd calcite, 𝜅1 is the extinction coefficient of calcite and 𝑑 is the sphere
iameter. By using the two inputs, we can further calculate the Mie
oefficients (𝑎𝑖, 𝑏𝑖):

𝑖 =
𝑛̄ 𝜓𝑖(𝑛̄𝑥) 𝜓 ′

𝑖 (𝑥) − 𝜓𝑖(𝑥) 𝜓 ′
𝑖 (𝑛̄𝑥)

𝑛 𝜓𝑖(𝑛̄𝑥) 𝜉′𝑖 (𝑥) − 𝜉𝑖(𝑥) 𝜓 ′
𝑖 (𝑛̄𝑥)

,

𝑏𝑖 =
𝜓𝑖(𝑛̄𝑥) 𝜓 ′

𝑖 (𝑥) − 𝑛̄ 𝜓𝑖(𝑥) 𝜓 ′
𝑖 (𝑛̄𝑥)

′ ′ .
(1)
2

𝜓𝑖(𝑛̄𝑥) 𝜉𝑖 (𝑥) − 𝑛̄ 𝜉𝑖(𝑥) 𝜓𝑖 (𝑛̄𝑥)
The terms 𝜓𝑖 and 𝜉𝑖 represent the Riccati–Bessel functions and 𝑖
denotes the function order. The maximum function order is approxi-
mated [30] as: 𝑖𝑚𝑎𝑥 = 𝑥 + 4𝑥1∕3 + 2. Then, the scattering efficiency
(𝑄𝑠𝑐𝑎), extinction efficiency (𝑄𝑒𝑥𝑡) and asymmetry parameter (𝑔) [34]
can be calculated as follows:

𝑄𝑠𝑐𝑎 =
2
𝑥2

𝑖𝑚𝑎𝑥
∑

𝑖=1
(2𝑖 + 1)( |𝑎𝑖|

2 + |𝑏𝑖|
2) , (2)

𝑄𝑒𝑥𝑡 =
2
𝑥2

𝑖𝑚𝑎𝑥
∑

𝑖=1
(2𝑖 + 1)𝑅𝑒[( 𝑎𝑖 + 𝑏𝑖)] , (3)

𝑔 = 4
𝑥2 𝑄𝑠𝑐𝑎

[𝑖𝑚𝑎𝑥
∑

𝑖=1

𝑖 (𝑖 + 2)
(2𝑖 + 1)

𝑅𝑒( 𝑎𝑖 𝑎∗𝑖+1 + 𝑏𝑖 𝑏
∗
𝑖+1 )

+
𝑖𝑚𝑎𝑥
∑

𝑖=1

(2𝑖 + 1)
𝑖 (𝑖 + 1)

𝑅𝑒( 𝑎𝑖 𝑏∗𝑖 )

]

. (4)

he absorption efficiency is calculated as: 𝑄𝑎𝑏𝑠 = 𝑄𝑒𝑥𝑡 − 𝑄𝑠𝑐𝑎.
The nanocomposite of air-calcite with 𝑤 multiple particle diameters

is approximated as an effective medium, and the total effective scatter-
ing (𝜎𝜆) and absorption (𝜅𝜆) coefficients, and asymmetry parameter (𝑔𝜆)
at each distinct wavelength 𝜆 is given as [35]:

𝜎𝜆 =
𝑤
∑

𝑘=1

3 𝜙𝑘 𝑄𝑠𝑐𝑎,𝑘
2𝑑𝑘

, 𝜅𝜆 =
𝑤
∑

𝑘=1

3 𝜙𝑘 𝑄𝑎𝑏𝑠,𝑘
2𝑑𝑘

, 𝑔𝜆 =
1
𝜎𝑇

𝑤
∑

𝑘=1

3 𝜙𝑘 𝑔𝑘 𝑄𝑠𝑐𝑎,𝑘
2𝑑𝑘

, (5)

where 𝜙 is the nanoparticle volume fraction, 𝜎𝑇 is the total scattering
coefficient for all the other sizes. Finally, the particles’ scattering is
considered dependent at high volume fraction 𝜙 > 10%. Thus, a
dependent scattering correction 𝜎𝑇 ,𝑑 is added to the model [36]:

𝜎𝑇 ,𝑑 = 𝜎𝑇 (1 + 1.5𝜙𝑇 − 0.75𝜙2
𝑇 ) . (6)

Similarly, the dependent absorbing correction 𝜅𝑇 ,𝑑 is given:

𝜅𝑇 ,𝑑 = 𝜅𝑇 (1 + 1.5𝜙𝑇 − 0.75𝜙2
𝑇 ) . (7)

2.2. Monte Carlo simulation

Monte Carlo simulation uses the optical properties calculated by Mie
theory, and then, by assuming the composite as an effective medium, it
predicts the spectral response of the nanocomposite. The Monte Carlo
simulation solves stochastically the radiative transfer equation (RTE)
combined with the top and bottom boundary conditions and plane
periodic boundary conditions. The equation shows how a photon trav-
els within the nanocomposite. Each distinct photon can be reflected,
transmitted, or absorbed (if the media is lossy), as shown in Fig. 1(c).
The RTE equation is given below [34,37]:
𝑑𝐼𝜆
𝑑𝑠

= 𝜅𝑇 ,𝜆 𝐼𝑏,𝜆 − ( 𝜎𝑇 ,𝜆 + 𝜅𝑇 ,𝜆) 𝐼𝜆 +
𝜎𝑇 ,𝜆
4𝜋 ∫4𝜋

𝐼𝜆(𝑠̂𝑖)𝛷𝑇 ,𝜆(𝑠̂𝑖, 𝑠̂) 𝑑𝛺𝑖 , (8)

here 𝐼𝜆 is the light intensity at specific 𝜆, 𝑠̂ is the unit vector and 𝛷𝑇 ,𝜆
s the phase function of averaged particle’s sizes. The phase function of
single nanoparticle is given:

(𝜃) = 2
|

|

𝑆1
|

|

2 + |

|

𝑆2
|

|

2

𝑥2 𝑄𝑠𝑐𝑎
. (9)

The terms 𝑆1 and 𝑆2 are the scattering amplitudes related to the light
olarization, and their calculation is well explained in previous litera-
ure [38]. In the end, the Monte Carlo simulation provides the values of
he spectral reflectance 𝑅(𝜆), emissivity 𝜖(𝜆), and transmissivity 𝑇 (𝜆).

.3. Transfer Matrix Method (TMM)

The nanolayered system’s reflectance, transmittance, and absorp-
ance (illustrated in Fig. 1(b)) are determined through the TMM. This
method entails an analytical formulation tailored for 1D systems, rely-
ing on Maxwell’s equations within an electric field context [20,39]. We
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Fig. 1. Schematics and methods of 3D nanospheres vs. 1D nanolayers. (a) Calcite nanospheres (orange) dispersed in the air (blue) and an SEM image of barium sulfate (BaSO4)-
crylic paint, demonstrating spherical nanoparticle morphology in a polymer matrix. (b) Nanolayers of calcite (green) and air (blue), and an SEM image of calcium carbonate
ayers naturally occurring in Sphincterochila zonata desert snails. The spectral response of (c) the nanospheres is obtained via Monte Carlo simulation, and (d) for the nanolayers
s calculated via TMM. (e) Volume fraction vs. distinct sphere diameter and layer thickness of narrow distribution. Variability is 300 nm ± 50 nm. (f) The corresponding volume
raction of the wide distribution, the variability is defined as 300 nm ± 100 nm. (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
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ssume ideal interfacial characteristics in the calcite-air multilayer sys-
em, devoid of interfacial roughness. Consequently, the incident electric
ield 𝐸0 experiences uniform reflection and transmission through the
ultilayer, resulting in forward (𝐸+

𝑖 ) and backward (𝐸
−
𝑖 ) components

at each interface (𝑖), as depicted in Fig. 1(d). We calculate the electric
field components for the initial layer using the following transfer matrix
formulation [20]:
[

𝐸+
1

𝐸−
1

]

=
⎡

⎢

⎢

⎣

𝑛0 + 𝑛1
2𝑛1

𝑛0 − 𝑛1
2𝑛1

𝑛0 − 𝑛1
2𝑛1

𝑛0 + 𝑛1
2𝑛1

⎤

⎥

⎥

⎦

[

𝐸+
2

𝐸−
2

]

= 𝑇1→ 2

[

𝐸+
2

𝐸−
2

]

, (10)

[

𝐸+
2

𝐸−
2

]

=
[

𝑒𝑗 𝑘1 𝑑1 0
0 𝑒−𝑗 𝑘1 𝑑1

] [

𝐸+
3

𝐸−
3

]

= 𝑆2→ 3

[

𝐸+
3

𝐸−
3

]

. (11)

In these equations, 𝑑1 represents the thickness of the first layer. For
wavelengths within the sky window spectrum, the complex refractive
index of calcite accounts for its absorption properties 𝑛1 = 𝑛1 + 𝑖𝜅1.
The wave number 𝑘1 is given by 𝑘1 = 2 𝜋 𝑛1

𝜆0
, where 𝜆0 is the vacuum

avelength. The general expressions in Eqs. (10) and (11) apply to any
interface and 𝑤 layers, where 𝑤 represents the total number of layers.
3

d

The resulting electric field components for 𝑛 layers are obtained as:

𝐸+
1

𝐸−
1

]

= 𝑇1→ 2𝑆2→ 3𝑇3→ 4 ... 𝑆𝑛 − 2→ 𝑛 − 1𝑇𝑛 − 1→ 𝑛

[

𝐸+
𝑛
0

]

, (12)

here 𝐸+
𝑛 = 𝐸𝑡 is the transmitted component of the incident electric

ield. Consequently, the reflected electric field is computed as 𝐸𝑟 = 𝐸−
1 .

ubsequently, the multilayer’s transmissivity 𝑇 (𝜆) and reflectivity 𝑅(𝜆)
re determined by:

(𝜆) =
|

|

|

|

𝐸𝑡
𝐸0

|

|

|

|

2
, (13)

𝑅(𝜆) =
|

|

|

|

𝐸𝑟
𝐸0

|

|

|

|

2
. (14)

The spectral emissivity 𝜖(𝜆) is then calculated using:

𝜖(𝜆) = 1 − 𝑅(𝜆) − 𝑇 (𝜆). (15)

Coherent interactions are observed in TMM for periodic and ape-
iodic structures with smooth interfaces, resulting in constructive and

estructive interference at some wavelengths in the spectrum. A new
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thickness profile introduces randomness, which is generated using a
random number array normalized by its standard deviation while main-
taining the total thickness and average layer thickness constant [39]:

𝑑𝑖 = 𝑑0 + 𝛥𝑥𝑋̂𝑖, (16)

where 𝑑𝑖 is the new layer thickness for 𝑖th layer, 𝑑0 is the original layer
thickness, 𝛥𝑥 is the degree of randomness, and 𝑋̂𝑖 is a random number
in the range (−1,1) generated for the 𝑖th layer. This randomization
process is applied separately to the calcite and air gap layers while
maintaining the desired volume fraction.

The randomized structure has a large number of relocalizations
and to obtain the statistical average we iterate the process such that
the spectral transmissivity and reflectance values are averaged over a
designated number of iterations (typically around 10,000 repetitions).
This approach yields a transfer matrix code with randomness inclusion,
which is employed in this study to address the effects of coherence.
Wide and narrow distributions are considered by varying the maximum
randomness values to explore different scenarios.

2.4. Solar reflection

The total solar reflectance is calculated from the spectral reflectance
𝑅(𝜆) by integrating across the solar irradiation spectrum. The incident
solar radiation spectrum considered in this work is the Air Mass 1.5
(AM1.5) solar spectra by ASTM standards [40]. The AM1.5 irradiation
(𝐺𝑠𝑜𝑙𝑎𝑟,𝐴𝑀15(𝜆)) represents the solar radiation under standard condi-
tions and is used for performing the weighted integration of spectral
reflectance as shown below:

𝑅𝑡𝑜𝑡𝑎𝑙 =
∫ 2.5 μm
0.25 μm 𝑅(𝜆) 𝐺𝑠𝑜𝑙𝑎𝑟,𝐴𝑀15(𝜆) 𝑑𝜆

∫ 2.5 μm
0.25 μm 𝐺𝑠𝑜𝑙𝑎𝑟,𝐴𝑀15(𝜆) 𝑑𝜆

. (17)

2.5. Sky window emissivity

Similarly, the total sky window emissivity 𝜖𝑠𝑘𝑦 is calculated based
n the overall radiation emissivity by the composites into deep space in
he atmospheric transmittance window, using the blackbody radiation
t room temperature. This is shown in the equation below [41]:

𝑠𝑘𝑦 =
∫ 13 μm
8 μm 𝜖(𝜆) 𝐼𝐵𝐵,300 K(𝜆) 𝑑𝜆

∫ 13 μm
8 μm 𝐼𝐵𝐵,300 K(𝜆) 𝑑𝜆

, (18)

here 𝐼𝐵𝐵,300 K(𝜆) is the blackbody radiation intensity at room temper-
ture (𝑇 = 300 K), which is calculated using the Planck radiation law
s shown in the equation below:

𝐵𝐵,𝑇 (𝜆) =
2𝜋ℎ𝑐2

𝜆5
1

exp
(

ℎ𝑐
𝑘𝑏𝜆𝑇

)

− 1
. (19)

ere ℎ and 𝑘𝑏 are Planck’s and Boltzmann’s constants, and 𝑐 is the speed
f light.

.6. Figure of merit

The figure of merit (𝑅𝐶) provides a comprehensive measure of a
omposite’s radiative cooling performance, taking into account its abil-
ty to radiate heat to the sky while minimizing solar heat absorption,
nd is defined as follows [10]:

𝐶 = 𝜖𝑠𝑘𝑦 − 𝑟(1 − 𝑅𝑡𝑜𝑡𝑎𝑙), (20)

here 𝑟 is the ratio of the total reflectance over the blackbody emissiv-
4

ty.
Table 1
Inputs of the models.
Total volume fraction 60%
Size (d) 100–1100 nm
Narrow distribution d ± 15% d
Wide distribution d ± 30% d
Total film thickness 2–200 μm
Number of Photons for Monte Carlo 500,000
Number of iterations for multilayers 10,000

2.7. Model’s inputs

To ensure a meaningful comparison, we have maintained a constant
total volume fraction of 60%, as previous experiments have shown
that a high concentration of nanoparticles can enhance the total re-
flectance [4,10]. The characteristic length (sphere diameter and layer
thickness) with a uniform size distribution remains consistent across
both models. The refractive index of calcite employed in our models
has been determined through prior experiments and calculations tai-
lored explicitly for the solar spectrum Ref. Ghosh [42] and the sky
window [43]. A comprehensive summary of all input parameters and
material properties is condensed in Table 1.

Two uniform size distributions are considered to include random-
ness, the narrow (𝑑 = 300 ± 50 nm) and wide (𝑑 = 300 ± 100 nm)
distributions. The difference in volume fraction distributions between
the two structures arises from the fundamental scaling principles of 1D
and 3D systems (Fig. 1(e)–(f)). The volume scales linearly with layer
thickness in a 1D system, such as the nanolayers considered here. Con-
trastingly, in a 3D system, like the spherical nanoparticles, the volume
scales with the cube of the diameter. As a result, to maintain a constant
total volume fraction of calcite within the composite, the size distri-
bution of nanospheres needs to be adjusted differently compared to
the nanolayers. This inherent difference in scaling between 1D and 3D
systems leads to distinct volume fraction distributions, which, in turn,
influence the composites’ optical properties and radiative performance.

3. Results and discussion

The resulting coating solar reflectance versus the total thickness for
the narrow and wide distributions is shown in Fig. 2(a) and (b), respec-
tively. As expected, both morphologies show a gradually plateauing
total reflectance. For the narrow distribution, this plateau occurs at
around 40 μm of total thickness for both nanospheres and nanolayers.
However, in the case of the wide distribution, nanolayers exhibit an
overall performance improvement over compared to narrow distribu-
tion, reaching a higher reflectance than nanospheres at film thicknesses
bigger than 15 μm. Beyond this thickness, the reflectance of both
nanolayers and nanospheres plateaus. The maximum total reflectance
achieved at 100 μm for nanolayers is 99.85%, and for nanospheres
98.53% in the wide distribution.

The sky window emissivity of the two structures is also calculated
and given in Fig. 2(c) and 2(d). Nanolayers exhibit up to 6% higher
emissivity than nanospheres, which can be attributed to the coherency
part of the TMM (detailed explanation provided in Fig. S1). Sky window
emissivity, unlike reflectance, shows only slight sensitivity to the size
distribution of the particles. Additionally, it is worth noting that sky
window emissivity remains relatively constant across different sizes
(Fig. S2). This can be easily explained due to the Rayleigh scattering
that occurs when the wavelengths are at least ten times larger than the
nanoparticle’s diameter.

In Fig. 3, we delve into the coatings’ behavior by examining their
wavelength-dependent reflectance (Fig. 3(a)–(b)) and emissivity
(Fig. 3(c)–(d)) at specific coating thicknesses of 100 and 20 μm. For the
nanospheres, we observe consistently high reflectance in the ultraviolet
(UV) and visible (Vis) regimes, with a declining trend in the near-

infrared (NIR) wavelengths across all cases. Notably, the distribution
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Fig. 2. Radiative cooling performance comparison for nanospheres and nanolayers with average size of 300 nm. (a) The total reflectance vs. the total film thickness of the narrow
and (b) the wide distributions. (c) The sky window emissivity vs. the total film thickness of the narrow and (d) wide distributions.
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predominantly influences the response at NIR wavelengths, with wider
distributions meaning bigger particles are included in the compos-
ite, higher scattering is expected particularly at longer wavelengths
compared to smaller particles. The higher scattering results in an
exhibiting enhanced overall performance. Switching from a wide to a
narrow distribution for nanospheres results in a slight decrease in total
reflectance from 98.53% to 98.26% for a 100 μm thickness coating and
from 93.68% to 92.82% for a 20 μm coating.

Reflectance in nanolayer medium is accounted for photon local-
ization in the multilayer system [20,21]. We observe that using a
ide distribution increases the photon localization in the valley re-
ions observed in the spectral reflectance, which leads to a higher
olar reflectance. In wide distribution, we consider multilayer sys-
ems with more deviations in the layer thicknesses, this helps localize
he photons that are not localized in the narrow distribution. Conse-
uently, nanolayers with wide distributions outperform their narrow
istribution counterparts in terms of total reflectance. For instance,
t a thickness of 100 μm, total reflectance experiences a reduction
f approximately 1.4%, whereas a notably more significant decrease
f about 11% is observed at 20 μm, switching from wide to narrow
istribution.
The spectral emissivity (Fig. 3(c)–(d)) within the 8–13 μm wave-

ength range, shows a declining trend at longer wavelengths for both
tructures. Notably, size distribution has negligible impact, as spectral
bsorptance remains consistent. Nanolayer spectral emissivity is higher
han nanospheres in all the wavelengths. However, thicker film coat-
ngs exhibit a more significant difference in sky window emissivity
etween the two morphologies, with an increase of approximately 6%
t 100 μm and 3% at 20 μm.
Furthermore, we evaluate the coatings’ radiative cooling perfor-
ance through the figure of merit (RC), a key metric that quantifies
heir ability to achieve sub-ambient temperatures by radiating excess
eat into space, (i.e., RC is greater than zero). The results presented in
ig. 3(e) provide insights into the overall cooling performance of these
5

oatings and their potential practical applications. Notably, nanolayers i
ith a wide distribution achieve the highest RC value of 0.68 at a total
hickness of 200 μm, requiring a coating thickness exceeding 32 μm for
ub-ambient cooling. In contrast, nanolayers with a narrow distribution
xhibit an RC of 0.64 but necessitate a more substantial coating thick-
ess, exceeding 66 μm, for sub-ambient cooling. Nanospheres, whether
ith a wide or narrow distribution, achieve RC values of 0.57 and 0.55,
espectively, with minimum coating thickness requirements of 56 μm
nd 62 μm for sub-ambient cooling.
We repeat the same calculations to analyze further the total re-

lectance performance for smaller (d = 100 nm) and larger (d =
00 nm) average sizes. At 100 nm and narrow distribution, the total
eflectance of nanolayers and nanospheres nearly coincides, and the
otal reflectance of the nanolayered structure is greater by only 2%
Fig. 4(a)). However, nanolayers perform significantly better in the
ide distribution system than the nanospheres, with an 8% difference
Fig. 4(b)). This indicates that a wide distribution of layer thicknesses
elps the multilayer reflection. Interestingly, the nanospheres with an
veraged characteristic length of 500 nm show much better perfor-
ance in both cases, i.e., narrow (Fig. 4(c)) and wide (Fig. 4(d))
istributions. However, the gap between layers’ performance and par-
icles is minimized in wide distribution. Additionally, we note that at
00 nm average size, the nanosphere coatings plateau relatively faster
ith increasing thickness as compared to nanolayers of the same aver-
ge size as well as nanospheres of 100 nm and 300 nm. This indicates
hat larger nanospheres are suitable for enhancing total reflectance due
o the Mie scattering that occurs. However, the plateauing trend is
ot readily observable in nanolayers, even at a higher total thickness
f greater than 100 μm. Thus indicating a significant difference in
ehavior to nanospheres of the same material and size.
In order to further understand the effect of average particle and

ayer size, we analyzed the trend of total reflectance by varying the
verage particle and layer size for two fixed total thickness values
f 20 and 100 μm (Fig. 5) Initially, the total reflectance increases
harply with an increase in size, and the nanolayers perform better

n this case than the nanospheres. The nanolayers’ optimal size is
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Fig. 3. Spectral response for spheres and layers average size of 300 nm. (a) The spectral reflectance of nanospheres and nanolayers for 100 μm film thickness. Solid and dashed
lines represent the wide and narrow distributions, respectively. (b) The spectral reflectance of nanospheres and nanolayers for 20 μm film thickness. (c) Sky window emissivity of
coating thickness of 100μm and (d) 20 μm. (e) The Figure of merit vs. the total coating thickness.
around 300 nm, while the nanospheres’ optimal size ranges from 500 to
600 nm. Moreover, increasing particle size results in a gradual decrease
in total reflectance. This behavior is significantly distinct from that of
nanolayers, which shows a steep drop to the total reflectance of about
60% at 700 nm average calcite layer thickness. The difference of total
reflectance at 20 μm total thickness is about 35% at 700 nm average
size.

Notably, the optimized nanolayer structure has a smaller character-
istic length than nanospheres. The difference comes from the structures’
distinct reflection mechanisms. The nanospheres’ system relies on the
multiple scattering events of photons on the particles. It is well known
that the maximum reflectance occurs when the sphere diameter is equal
to the wavelength, also known as Mie scattering. Mie scattering is
favored for spherical nanoparticles due to their high scattering coeffi-
cient, resulting in stronger backscattering compared to Geometric and
Rayleigh scattering, despite unfavorable asymmetry parameter [11,35].
n contrast, multilayered structures are known for confining photons
ue to the interference of the transmitted and reflected electric fields
ithin the layer. The localization behavior is a known and studied
henomenon in multilayer structures [20,21].
RC was also calculated for various nanoparticle sizes and is sum-
arized in Table 2, with a constant coating thickness of 100 μm
6

Table 2
Figure of merit RC of different sizes at a constant total coating thickness of 100 μm.
Size 100 nm 300 nm 500 nm 700 nm

Nanolayers 0.013 0.457 −0.310 −0.800
Nanospheres −1.142 0.265 0.358 0.393

across all composites. The highest RC value, 0.46, was attained by
nanolayers with an average size of 300 nm. For other sizes, nanolayers
exhibited either negative or negligible RC values due to their low total
reflectance. In contrast, nanospheres achieved positive RC values for
several size variations ranging from 300 to 700 nm in diameter. The
maximum RC value for nanospheres was 0.39, observed at a diameter of
700 nm. Although nanolayers have the highest performance at optimal
sizes, nanospheres have robust performance across a wide range of
particle sizes.

4. Conclusion

In this study, we have compared two distinct structural config-

urations within calcite-air composites, nanolayers, and nanospheres,
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Fig. 4. Total reflectance of both structures at different characteristic lengths. (a) Narrow and (b) wide distributions with an average diameter and thickness of 100 nm. (c) Narrow
and (d) wide distributions with a 500 nm average characteristic length.
t

Fig. 5. Different structures optimize at different characteristic lengths. The nanolayer
structure performs better at smaller sizes compared to nanospheres. For thicker
coatings, like 100 μm, nanolayers achieve the highest total reflectance of 99.85%
ith an average layer thickness of 300 nm and a wide distribution. In contrast to
anospheres, at 500 nm diameter, the reflectance maximizes at 99.25%. For thinner
oatings, like 20 μm, nanospheres reach up to 96.38%, and nanolayers are maximized
t 94.63%.

o determine the optimal design for achieving high radiative cooling
erformance. To comprehensively assess the overall radiative perfor-
ance, we utilized the figure of merit RC that requires the calcula-
ion of the total reflectance and sky window emissivity. Surprisingly,
anolayers achieved the highest radiative cooling performance, boast-
ng an RC value of 0.457, characterized by an average size of 300 nm
7

and a total coating thickness of 100 μm. Each structure has different
optimization sizes, with nanolayers optimizing at 300 nm average layer
thickness and achieving an ultrahigh reflectance of 99.85% at only
100 μm total film thickness. On the other hand, nanospheres offer
an optimal solar reflectance of 99.25% at 100um total thickness and
500 nm diameter size with wide distribution. Further analysis showed
that the distribution positively influences nanolayered structure by
providing broader-band reflection across the solar spectrum. However,
the impact of distribution is limited in particles, showing only a slight
enhancement in wide distribution compared to the narrow distribution.
These results show a clear distinction in the way the two morphologies
behave. Sky window emissivity was systematically evaluated in our
study. Nanolayers demonstrated a higher emissivity, exhibiting an in-
crease of up to approximately 6% when compared to nanoparticles. Its
consistency across different sizes and size distributions sets sky window
emissivity apart from total reflectance.

Our observation that layers perform better than nanospheres is not
absolute. It differs based on multiple factors, such as particle/layer size,
size distribution in the system, and the total thickness of the coating.
This comparative study is impactful in designing more efficient ultra-
reflective films by making a wise choice of morphology and size for
that specific geometry.
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