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Radiative cooling materials have gained prominence as a zero-energy solution for mitigating global warming. How-
ever, a comprehensive understanding of the atomic-scale optical properties and macroscopic optical performance of radia-
tive cooling materials remains elusive, limiting insight into the underlying physics of their optical response and cooling
efficacy. La;Osz and HfO,, which represent rare earth and third/fourth subgroup inorganic oxides, respectively, show
promise for radiative cooling applications. In this study, we used multiscale simulations to investigate the optical properties
of La;O3 and HfO, across a broad spectrum. First-principles calculations revealed their dielectric functions and intrinsic
refractive indices, and the results indicated that the slightly smaller bandgap of La; O3 compared to HfO, induces a higher
refractive index in the solar band. Additionally, three-phonon scattering was found to provide more accurate infrared optical
properties than two-phonon scattering, which enhanced the emissivity in the sky window. Monte Carlo simulations were
also used to determine the macroscopic optical properties of La; O3 and HfO, coatings. Based on the simulated results,
we identified that the particle size and particle volume fraction play a dominant role in the optical properties. Our findings
underscore the potential of La,O3 and HfO, nanocomposites for environment-friendly cooling and offer a new approach
for high-throughput screening of optical materials through multiscale simulations.

Keywords: radiative cooling, optical properties of Lay,O3 and HfO,, first-principles calculations, Monte Carlo

simulations
PACS: 78.20.—, 71.15.Mb, 02.70.Uu

1. Introduction

The elevation in ground temperatures resulting from the
predicament of global warming presents formidable chal-
lenges for our society, compelling individuals to adopt cool-
ing techniques, such as air conditioning, to mitigate thermal
discomfort. However, these electrical devices collectively ac-
count for approximately 15% of the global electricity demand
and, in turn, emit approximately 10% of greenhouse gases,
thereby exacerbating the global warming predicament.!!-?) To
break this vicious cycle, there is an exigent imperative to de-
velop energy-efficient and effective cooling modalities and
materials. Recently, passive radiative cooling has emerged as
an approach capable of dissipating heat into the frigid expanse
of outer space without necessitating energy consumption for
cooling attainment.>3] This method is promising and has
garnered substantial scientific attention because of the zero-
energy consumption and remarkable cooling effect. In recent
years, passive radiative cooling technologies have already ben-
efited a variety of fields, such as solar cells, personal thermal
comfort, and spacecraft thermal control.[®°! In principle, the
efficacy of radiative cooling is heavily dependent on the opti-
cal and thermal radiative characteristics of materials, specifi-
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cally their solar reflectance and infrared emittance.

Pursuing high solar reflectance and infrared emittance of
materials is of great importance for achieving high radiative
cooling performance. Over the past few years, many new
kinds of materials have been used for radiative cooling. For ex-
ample, Fan et al. combined a photonic solar reflector and ther-
mal emitter to achieve radiative cooling using iterated stacking
of Si0O, and HfO;. This multilayer structure is also known as
photonic crystal.!'%! Furthermore, many researchers have uti-
lized advanced nanofabrication techniques to form metamate-

e.[11=131 Despite

rials with good radiative cooling performanc
excellent tailoring of the optical and thermal properties of pho-
tonic crystals and metamaterials, the fabrication processes are
rather complicated, which limits their applicability in large-
scale and cost-effective applications. To break off such road-
blocks, polymer-based composites are considered potential
candidates for radiative cooling because of their superior opti-

(14,151 How-

cal properties and scalable preparation processes.
ever, polymer-based composites usually exhibit a propen-
sity to undergo degradation when subjected to harsh environ-
ments, such as high temperatures and ultraviolet (UV) light
irradiation.!'®!7! This susceptibility results in an elevation in

the solar absorption of materials, consequently diminishing
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their cooling efficacy.

It is also worth noting that inorganic oxides (e.g., bi-
nary oxides consisting of TiO,, rare-earth (RE) oxides Y,03,
and RE¢Mo0Oj;) have sparked increasing scientific attention
for radiative cooling applications.[!®1°1 Such inorganic pig-
ments composed of oxides exhibit both robust optical prop-
erties and good durable stability compared to their pure or-
ganic counterparts.”?”) For instance, currently reported inor-
ganic pigments with REgMoO, microparticles exhibit robust
optical properties and radiative cooling performance.>!! In
parallel, microporous glass coatings containing binary oxides
of Si0; and Al,O3 enable large temperature decreases in harsh
environments. These results further suggest that these simple
inorganic oxides show high solar reflectance and midinfrared
emissivity.[*?! Despite numerous oxides, potential candidates
for white coatings remain unexplored. Currently, the discov-
ered white coatings with oxide particles suffer from undesir-
able solar reflectance and infrared emittance. To screen the op-
timal oxide candidates for radiative cooling, some important
criteria regarding intrinsic material properties must be satis-
fied. The first rule of thumb is inherent bandgap and refractive
indices. To increase the solar reflectance, the bandgap of the
selected material should be large enough so as to eliminate
ultraviolet absorption as much as possible. Meanwhile, the
lattice vibration and dispersion must be carefully considered
because of the vital role of phonon property in the linewidth
of infrared emittance and in the dispelling of high reflectance
Reststrahlen band. These two important and stringent prereq-
uisites clearly suggest that the search for inorganic oxides with
high solar reflectance and infrared emittance remains a chal-
lenging task.

Within the diverse landscape of oxide families, La;O3
and HfO, are two representatives of RE and third-to-
fourthsubgroup oxides, respectively, which are distinguished

[23-23] These two rep-

by their exceptional spectral selectivity.
resentative oxides are well suited for applications in radia-
tive cooling, given their elevated dielectric permittivity (¢ >
20),126271 broad bandgap (E, > 5.3 eV),1252] high refractive
index (n > 1.8),13% robust thermal stability, and cost-effective
fabrication processes. However, the intrinsic optical proper-
ties of LayO3; and HfO, have only been reported within a
very narrow spectrum in the literature, and those in the wide
spectrum (especially in the infrared regime) are still lacking,
which severely hampers the deep understanding of radiative
cooling performance. Such intrinsic optical constants over
a wide spectrum are directly correlated with atomistic con-
figuration/electronic structure/lattice vibrations at the atomic
scale, which are determined by solar reflectance and infrared
emittance. On the other hand, the distribution and arrange-
ment of particles at macroscale also play a significant role in

light scattering. Thus, scattering behavior undoubtedly affects

the optical properties of La;O3 and HfO,. However, to the
best of our knowledge, no systematic studies on the intrinsic
properties at the atomic scale and optical performance at the
macroscale have been documented for either La,O3 or HfO,,
and not only the effect of particle size/distribution on the opti-
cal properties.

The forgoing absence of intrinsic optical constants at the
atomic scale and inadequate understanding of light scattering
behavior at the macroscale motivated us to comprehensively
investigate Lay;O3 and HfO, using multiscale simulations in
this study. Many researchers have used multiscale simula-
tions to obtain the radiation properties of materials at differ-
ent scales. Tong et al. used the self-consistent quasiparticle
GW (sc-QPGW) method to accurately predict the bandgap of
BaSOy4, and Monte Carlo (MC) simulations were used to un-
derstand the effect of thickness on the optical properties of
BaSOy-acrylic nanocomposites.>!l This study demonstrates
that the combination of MC simulation and first-principles cal-
culations can quickly obtain the radiation properties of spe-
cific materials; however, it does not discuss other important
structural parameters of composite materials, such as the influ-
ence of particle size and volume fraction on optical properties.
Joseph et al. studied the influence of different particle diam-
eters on the optical properties of a TiO, nanoparticle-acrylic

[32] This study provides a good

system via MC simulations.
way to use MC simulations to study the effects of different
structural parameters on the radiation properties of materials.
However, the dielectric properties of TiO, come from exper-
imental values. Compared with the results of first-principles
calculations, the results are affected by the experimental con-
ditions and are not suitable for high-throughput screening ap-
plications.

In our study, first-principles calculations were used to ob-
tain the dielectric function of La,O3 and HfO, over a wide
spectrum. The Bethe—Salpeter equation (BSE) was solved to
describe the photon—electron interactions in the solar spec-
trum, while lattice dynamics calculations were performed
to describe the photon—phonon interactions in the infrared
spectrum.?3 Once the optical constants in a wide range spec-
trum are obtained, these properties can be fed into MC sim-
ulations to achieve light scattering behavior and macroscopic
optical properties (i.e., reflectance, emittance, etc.) of LayO3
and HfO, to determine the optimal structural parameters (i.e.,
particle diameter, volume fraction, and thickness). The multi-
scale predictive framework adopted in this study would help us
better understand the underlying physics of the optical proper-
ties of LayO3 and HfO,.
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2. Methodology
2.1. First-principles calculations

In this study, we used the first-principles method to cal-
culate the dielectric function for both solar and infrared spec-
tra. As for the solar spectrum, electronic transition contributes
to photon absorption. By aggregating all conceivable vertical
transitions spanning the bandgap, the imaginary component
£"(w) of the dielectric constant as a function of frequency ®

can be ascertained using Fermi’s golden rule?*

¢ (o) =

4m?e?
v 11_I>l’olo — Z 2a)k5 Tck — Tok — 60)
(U €,k

X <uck+eaq |ka > <Mck+eﬁq |”vk >7 (D

where e, and ep are the unit vectors in the ¢ and B directions,
respectively. Vj is the volume of unit box; @y and T are weight-
ing factors for k point in Brillouin zone and electron energy.
The periodic cell of the orbitals at k point is illustrated by u.
The conduction and valance bands are marked by the symbols
c and v, respectively. The real part € (@) of the dielectric
function can then be calculated in accordance with Kramers—
Kronig transformation 3]

2 00
e’(w):l—s—fP/
T Jo

where P is the Cauchy principal value of the integral.

8// (w/) w/

With respect to infrared spectrum, the dielectric function
can be expressed as[>®!

-1,

where the indices LO and TO are the longitudinal and trans-

gLO+ 1Y5L0® — o?
©; 10 + 1% 100 — @2’

3)

verse optical phonon modes, respectively; @, denotes the lat-
tice resonance frequency, where g represents the g infrared
active mode; 7, is the phonon damping factor, which can be
obtained by an anharmonic lattice dynamics approach; and
In this study,

we considered three-phonon scattering (3ph) into considera-
3ph

€. is the high-frequency dielectric constant.

tion (i.e., ¥y = ). All calculations were carried out using
the Vienna Ab initio Simulation Package (VASP),371 which
has implemented the projected augmented waves (PAW)
method, and the electron exchange and correlation function-
als were described by the generalized gradient approxima-
tion (GGA) with a specific Perdew—Burke-Ernzerhof (PBE)
function.®8! As for the electronic structure calculation, it is
worth noting that the conventional PBE method underesti-
mates the bandgap. To address this issue, we adopted the
hybrid functionals proposed by Heyd, Scuseria, and Ernzer-
hof (i.e., HSE06).1%! The cutoff energy was set at 520 eV.
The convergence criteria for the energy and atomic force were
1x1078 eV and 1x107% eV/A, respectively. The Monkhorst

pack/I"-centered k mesh was adopted to sample the Brillouin
zone, where 9 X 9 x4 and 5 x 5 x 5 grid meshes were used
for LayO3 and HfO,, respectively. Furthermore, the den-
sity functional perturbation theory (DFPT) implemented in
the Phonopy package was used for the extraction of second-
order interatomic force constants (IFCs), whereas the third-
order IFCs were calculated using the THIRDORDER.PY
package.*? The three-phonon scattering damping factor of
each infrared active mode was determined using the Sheng-
BTE package.[*!! Using this strategy, a complex dielectric
function for both solar and infrared spectra was achieved. The
complex refractive indices # and k can then be calculated via
€= (n+ik)>.

2.2. Monte Carlo simulations

After obtaining the intrinsic refractive indices n and k, the
macroscopic optical properties of La;O3 and HfO, nanocom-
posites with the format of coatings/paints were calculated us-
ing MC simulations. In particular, the scattering (Qsca), €xtinc-
tion (Qext), and absorption (Qaps) coefficients that were used as
input parameters in the MC simulations were calculated using
the Lorenz—Mie scattering theory+?!

Osea (M, %) = zzn . 2n+1)(|an\ + by )

Qext (M, X) 22 (2n+1)Re{a,+b,},
Qabs = Qext (mJC) -

Osca (m X) s
my, (mx) W, (X) — W (X) ¥, (my)

"y (mx) & () — v (mx) E (x)
p = Ya(m) (o) — my (%) ¥ (m) @
" W (mx) & () —méa (X)W (my)

where y, is the Riccati—Bessel function, and y is the size pa-
rameter, being defined as 7D/A (D is the particle diameter,
and A is the wavelength); m = (n+ ik)/n is the normalized
complex refractive index using the DFT calculated n and k of
particle (where ng is the refractive index of matrix). These
optical parameters from the Mie theory were fed into the MC
simulations to effectively track light propagation. In particu-
lar, the radiative transfer equation (RTE) was solved using the
MC approach, and the photons for reflectance, transmittance,
and absorptance can be statistically evaluated. To reach good
statistical convergence, we used 5 X 105 launched photons, and
the thickness of the coating was selected to be 50-800 pum.

3. Results and discussion

The prototypical crystal structures of La,O3 and HfO,
examined in this study were p3ml and P2;/c, respectively,
because these structures are stable at room temperature. 43441
The primitive cells of La,O3 and HfO, contained 5 and 12
atoms, respectively, as shown in Fig. 1. After careful struc-

ture relaxation, we finally got the optimized lattice constants
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(a=b=394 A and ¢ = 6.18 A for LayO3; a = 5.14 A,
b=5.18 A, and ¢ = 5.32 A for HfO,), as shown in Table 1.
These calculated lattice constants are in good agreement with
the previously reported data.

Table 1. Calculated lattice constants and bandgaps of La; O3 and HfO, com-
pared to previously reported data (parentheses).

Lattice parameters
a(A) b(A) c(A)
3.94 (3.931%31) 394 (3.931%31) 6.18 (6.13143]) 5.39 (5.30140])
5.14 (5.10147)y 518 (5.261471) 5.32(5.281471)  5.89 (5.828])

Materials Bandgap (eV)

Laz 03
HfO,

Fig. 1. Atomic structures of the examined primitive unit cells: (a) La,O3
and (b) HfO,.
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Figure 2 shows the calculated band structures and density
of states (DOS) for La;O3 and HfO,. Notably, the conven-
tional PBE function underestimates the bandgap (i.e., 3.94 eV
and 4.32 eV for La;O3 and HfO,, respectively). To address
this issue and calibrate the band structures, we adopted the
HSEO6 instead of the PBE functional, and the final calcu-
lated bandgaps were 5.39 eV and 5.89 eV for La;O3 and
HfO,, respectively (see Figs. 2(c) and 2(d), which are consis-
tent with other theoretical calculations in the literature (see Ta-
ble 1).[2846] Such an agreement not only gives rise to the vali-
dation of our DFT calculations but also provides an important
foundation for the following calculations of dielectric func-
tions and corresponding intrinsic optical properties of LayO3
and HfO, in the full UV-VIS-IR regime. Another intriguing
aspect is that we observed bandgaps for both examined mate-
rials that are much larger than the energy spectrum for photon
absorption in the range of 0.25-2.5 um, which indicates no

absorption in the solar spectrum.
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Fig. 2. Calculated band structure for (a) La;O3 using PBE functional, (b) La,O3 using HSE06 functional, (c) HfO, using PBE functional, and

(d) HfO, using HSE06 functional.
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Fig. 3. Calculated phonon dispersion and phonon DOS for (a) La; O3 and (b) HfO,.
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In addition to the electronic band structures, we scruti-
nized the phonon dispersion along a highly symmetrical prop-
agation direction using DFPT, as shown in Fig. 3. Based on
the calculated phonon dispersion, we first noted that the ex-
amined crystal structures of La;O3 and HfO, were both sta-
ble due to the lack of negative (image) frequency. It is also
worth noting that both La; O3 and HfO, were polarized. Thus,
nonanalytical terms must be considered in the calculation of
phonon dispersion.

(a) (b) (c) (d) (e) ()

Fig. 4. Infrared active phonon vibrational modes of La;O3 with Ay, sym-
metry arranged in order of increasing frequency, with (a)—(f) corresponding
to the TO modes and (g)—(1) corresponding to the LO modes. Green atoms
indicate lanthanum, red atoms indicate oxygen, and arrows correspond to
the direction of atomic movement.

In light of the phonon dispersion calculations, a series of
zero-center (i.e., I" point) optical modes can be identified in
accordance with the irreducible representation. With the assis-
tance of space-group theory analysis, the infrared (IR) active
modes for La,O3 and HfO, are denoted as ITjg = 44,, +4E,
and Itk = 35A, + 34B,,, respectively. Longitudinal (LO) and
transverse (TO) wave branches exist for each optical mode.
In particular, the LO branches can be categorized into strong

and weak modes according to the atomic displacements. The
strong mode results in a strong electric field and renders the
frequency of LO higher than that of the TO branch. As for the
weak mode, the tiny oscillation of atom induces only a very
weak electric field. The lattice vibrations of both La;O3 and
HfO, in terms of the IR-active modes can be visualized using
V_sim software3] (see Figs. 4-7).

() (b) (o) (d)

NS AN

Fig. 5. Infrared active phonon vibrational modes of La,O3 with E,
symmetry arranged in order of increasing frequency, with (a)—(b) corre-
sponding to the TO modes and (c)—(d) corresponding to the LO modes.
Green atoms indicate lanthanum, red atoms indicate oxygen, and arrows
correspond to the direction of atomic movement.

= WP

Fig. 6. Infrared active phonon vibrational modes of HfO, with A, sym-
metry arranged in order of increasing frequency, with (a)—(d) corre-
sponding to the TO modes and (e)—(h) corresponding to the LO modes.
Blue atoms indicate hafnium, red atoms indicate oxygen, and arrows
correspond to the direction of atomic movement.

Fig. 7. Infrared active phonon vibrational modes of HfO, with B, symmetry arranged in order of increasing frequency, with (a)—(f) corre-
sponding to the TO modes and (g)—(1) corresponding to the LO modes. Blue atoms indicate hafnium, red atoms indicate oxygen, and arrows

correspond to the direction of atomic movement.

In addition, the polarization induced by atomic displace-
ment leads to LO-TO splitting at the I" point of the Brillouin
zone, as illustrated in Fig. 3. In addition to analyzing lat-
tice vibrational patterns, we also calculated the frequency and
damping factor of each IR-active mode using first-principles
calculations, which fully accounted for two-phonon and three-
phonon (i.e., 2ph and 3ph) scattering. The calculated parame-

ters, including the phonon frequencies and damping factors of
the identified IR modes, are listed in Table 2. To the best of our
knowledge, this is the first study to complete phonon-related
parameters using first-principles calculations, which provides
atomistic insight toward a better understanding of IR phonon
characteristics in La,O3 and HfO,. Moreover, the calculated
high-frequency dielectric constants €., are 4.80 (4.924>°1) and
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4.89 for LayO3 and HfO», respectively. These necessary pa-
rameters can be fed into Eq. (3) to obtain the dielectric func-

tions and the corresponding intrinsic optical properties in the
mid-IR spectrum.

Table 1. Calculated phonon frequencies and damping factor of each active mode for La;O3 and HfO,, and the experimentally reported data

are also listed in parentheses.

IR-active modes

DFT in this study (experiment) (cm™)

Material
Type 8 wg,TO Yg.TO wg,LO Yg,LO
1 97.63 3.49 98.74 2.97
2 168.40 8.86 177.17 9.52
Ay 3 180.60 (204.2[2°1) 10.04 264.81 11.56
LayOs “ 4 344.84 (3541491 7.77 369.25 (376.91%%1) 12.74
5 379.95 10.30 380.54 (3741491 10.07
6 433.54 (445.71%1) 43.84 535.89 (517.61%%1) 6.71
E 1 165.79 (199.412°1 9.04 180.73 (204.212°1) 9.44
" 2 379.72 (376.912%1) 12.27 492.60 (397.41291) 24.32
1 98.19 0.83 133.35 (1231471 2.52
A 2 394.34 (3911471 15.48 445.16 17.74
! 3 468.31 (4561470 20.79 493.18 (4781500 10.72
4 567.38 (5771471 19.97 625.26 (6341471 15.72
HfO, 1 101.78 (10451T) 1.39 141.08 1.84
2 189.95 (1801301) 2.00 198.82 (1925511) 4.05
B 3 285.99 (270311 4.50 317.38 (3001471 24.44
! 4 463.83 (4141471 13.34 464.84 (4491471y 13.78
5 479.65 (4941471 19.20 503.43 (5531471 15.83
6 704.80 (6941471 19.28 735.68 (74001 20.93
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0 available experimental data,’>) demonstrating the accuracy of
:4218: HfO, our calculations.
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Fig. 8. Calculated dielectric function for La; O3 and HfO, from the UV
to IR spectrum. The experimental data of LayO3 and HfO, are also
marked by black diamond dots. The real and imaginary parts of the
dielectric function for (a) LayO3 and (b) HfO,.

The dielectric function from the UV to IR spectrum is
shown in Fig. 8. As for the solar spectrum, the dielectric
function experiences fluctuation in the UV range, followed
by a stable plateau around 0.25 um and 1 um for LayO3
and HfO, systems, respectively, in VIS-NIR spectrum. In

In addition, we uncovered no phonon resonance in the 8—
13 um band for both Lay,O3 and HfO,. Therefore, we deemed
that the strong absorption induced by phonon resonance might
not be drastically attributed to the emissivity in the §—-13 pm
sky window.

Once obtained, the dielectric function, refractive index,
and extinction coefficients (i.e., n and k) can then be calcu-
lated using the formula & = (n+ ik)?.15%! The calculated com-
plex refractive indices of LayO3z and HfO, are shown in Fig. 9.
Our predictions for the optical constants of these two materi-
als are in good agreement with the data reported in the litera-
ture. The experimental complex dielectric function of La;O3
shown in Fig. 8 was obtained by fitting the ellipsometry test
results using the Lorentz single oscillator model.>*! The ex-
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perimental refractive index of the LayOs film in Fig. 9 was
obtained by measuring the transmittance and emissivity, ob-
taining the refractive index data using the spectroreflectometry
method, > and fitting the Sellmeir dispersion equation with
the regression equation.!®®! The Cauchy formula was com-
bined with the Lorentz multi-oscillator model to fit the HfO,
film transmittance and reflectance data obtained from exper-
imental tests.[>?] The experimental complex dielectric func-
tion data of HfO, (Fig. 8) were obtained, and the experimental

the aforementioned formula.

We believe that this scenario is due to the negative corre-
lation between the bandgap and refractive index of the semi-
conductor. Meanwhile, the sufficiently large bandgap of both
oxides would result in & being close to zero, which agrees well
with other reported data in the literature. Compared to con-
ventional materials, such as TiO, with a smaller bandgap, the
larger bandgaps of La; O3 and HfO, can further reduce the ab-
sorption in the UV band and achieve high reflectivity in the

complex refractive index data (Fig. 9) were calculated using  solar band.
12 Tt T 12 : :
a . .
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Fig. 9. Calculated complex refractive indices n and k of (a) LayO3 and (c) HfO,. The black diamonds indicate experimental data from the UV
to IR spectrum regime. (b) and (d) Calculated n and & by considering the 2ph and 3ph scattering in the IR range.

As mentioned in the previous section, 3ph scattering is
fully considered in phonon calculations. Based on the calcu-
lated results, we found that the complex refractive index shows
a wider range and a relatively smooth peak than the 2ph scat-
tering effect. Such a scenario would result in a higher emis-
sivity in the IR regime. Consequently, the influence of 3ph
scattering cannot be simply neglected. Figures 9(b) and 9(d)
show a comparison of the calculated n and k by considering
2ph and 3ph scattering for La,O3 and HfO,. As shown in
Fig. 9, we identified different peaks of intrinsic n and k pa-
rameters for both La; O3 and HfO,, where the range of iden-
tified peaks for Lay;O3 is far from that for HfO;,. This result
also indicates that the range of high IR emissivity in La;O3 is
greater than that in HfO,. This scenario was also confirmed
by the theoretically calculated normal reflectance using Fres-
nel’s formula (see Fig. 10). Meanwhile, our analysis revealed
that both La; O3 and HfO; exhibit relatively low reflectance in
the solar spectrum. However, regions of high reflectance were
distinctly observed in the mid-IR range, corresponding to the

Reststrahlen band.>7-8]

1.0

0.81

0.61

0.4

0.2

Normal reflectance

0.25 1 3 8
Wavelength (pm)

Fig. 10. Normal reflectance obtained using Fresnel’s equation for
La; 03 and HfO,.

Following the determination of the complex refractive
index of nanoparticles across the entire wavelength range
through first-principles calculations, we investigated compos-
ites comprising LayO3 (or HfO;) nanoparticles dispersed in a
representative acrylic matrix (refractive index ng of the acrylic
matrix set to 1.5) to ascertain the macroscopic optical proper-
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ties. The Mie scattering theory was initially applied to cal-
culate the scattering and absorption coefficients of individ-
ual particles. Subsequently, the optical characteristics of the
composites, such as reflectance and absorbance, were derived
by solving the RTE using the MC method. It is worth not-
ing that this approach enables the prediction of reflectance,
absorptivity, and transmittance of nanoparticle-polymer com-
posites, for which the inherent optical constants are unknown.
Furthermore, this method can facilitate the optimization of pa-
rameters, such as material selection, particle size distribution,
volume concentration, and composite thickness, to achieve the

T
- —HfOy: d=0.1 ym (a)
104F HfO3: d=0.4 ym ot
HfOs: d =0.6 pm |
F — — HfO3: d=0.8 ym
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102 — La03: d=0.4 pm

—— Lay03: d=0.6 pm
L —— Lay03: d=0.8 pm = z
100 ===

Absorptance coefficient (cm~')

10—2 1 1 1
0.25 1 3 8 20 40
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Q 1.0 -
Q 7
: /
2 osf /
h=1 /
E 1,
B 0.6 /
>~ y/
8 - = HfOy: d=0.1 pm
= 0.4f HfOy: d=0.4 pm ]
< : HfO5: d=0.6 pm
E - —HfOy: d=0.8 pm
= Lay03: d=0.1
2 0.2 —Lay0y d—04 im ]
0 ——Lay03: d=0.6 pm
< 0 _ <~ ) —L.azO3: d=0.8 ym
0.25 1 3 8 20 40

Wavelength (pm)

desired spectral response with high efficiency.

To further refine the optical properties of the nanocom-
posites, we simulated samples with various particle sizes d
(0.1-0.8 um), volume fractions f, (10%—-80%), and thick-
nesses i (50-800 um). The impact of these parameters on
the optical properties was comprehensively analyzed, where
the optimal optical properties were achieved for a particle di-
ameter of 0.6 um, volume fraction of 40%, and thickness of
400 pwm. In the following section, the influence of each param-
eter on the optical properties of nanocomposites is discussed
in detail.

—
=]
=

103

101~ — HfO: d=0.1 pimx <

Scattering coefficient (cm~1)

HfO,: 0.4 ym

1 HfOs: d=0.6 pm

1071f- - HfO,: d=0.8 ym

F LasO3: d=0.1 ym

103 ——Lag03: d=0.4 pm

—LasO3: d=0.6 pm

- —LayO3: d=0.8 ym

10-°

0.25

Reflectance

0.25 1 3 82070
Wavelength (pm)

Fig. 11. Optical characteristics and corresponding optical properties of La; O3 and HfO, nanocomposites of various particle sizes with a fixed
volume fraction (f, = 40%) and thickness (2 = 400 pm). (a) Absorption coefficients of LayO3 and HfO, nanocomposites. (b) Scattering
coefficients of La; O3 and HfO, nanocomposites. (c) Absorptance/emissivity of La; O3 and HfO, nanocomposites. (d) Reflectance of La; O3

and HfO, nanocomposites.

Figure 11 illustrates the absorption coefficient, scatter-
ing coefficient, absorptivity, and reflectivity for nanocompos-
ites consisting of LayO3 (or HfO;) with a volume fraction
of 40% and a thickness of 400 um. In particular, the par-
ticle size was varied from 0.1 pm to 0.8 pm. As shown in
Figs. 11(a) and 11(b), the absorption coefficients of nanoparti-
cles of the same material but different particle diameters are
essentially consistent across the entire spectral range, indi-
cating that the absorption properties are largely independent
of nanoparticle size. We observed that both materials ex-
hibit high scattering performance in the solar spectrum (0.25—
2.5 um) and high absorption coefficients in the atmospheric
window spectrum (8—13 pum), demonstrating their suitability
for radiative cooling applications. Additionally, the scattering
coefficient of nanoparticles of the same material increases with
the particle size. The likelihood of particles reflecting pho-
tons can be explained by their ability to backscatter photons,
and the scattering phase function helps to visualize this ca-

pability. When considering spheres interacting with photons,
three main scattering regimes are defined: Rayleigh scattering,
Mie scattering, and geometric scattering. In the Mie scatter-
ing regime, particles with sizes comparable to the wavelength
of light exhibit a predominantly backward-weighted scatter-
ing phase function. Rayleigh scattering occurs when the par-
ticles are much smaller than the wavelength of light, result-
ing in more equivalent forward and backward scattering phase
functions. Geometric scattering, which occurs when particles
are much larger than the wavelength of light, produces a sig-
nificant forward scattering phase function with a distinct nar-
row backward scattering region. For the solar radiation spec-
trum (0.25-2.5 um), where the incident energy is most con-
centrated, smaller-diameter particles (0.1 pm) primarily pro-
duce Rayleigh scattering, resulting in equivalent forward and
backward scattering that cancels each other out, leading to
weaker scattering coefficients. Larger-diameter particles (0.4—
0.8 wm) mainly produce Mie scattering, causing the signifi-

127801-8



Chin. Phys. B 33, 127801 (2024)

cant backward scattering, thereby increasing their scattering
coefficients continuously with increasing diameter. To more
accurately compare the impact of different parameters on the
optical properties of the composites, we used AM1.5 spectral
data to calculate the absorptance under the solar spectrum ()
and emissivity (€) under the atmospheric window, as presented
in Table 3. It was observed that for larger particle diameters
(i.e., 0.4 um, 0.6 um, and 0.8 um), the enhancement effect of
the scattering coefficient is not pronounced. For instance, the
changes in absorptance and emittance for a particle diameter
of 0.8 um are negligible compared to those for a diameter of
0.6 pm.

As depicted in Figs. 11(c) and 11(d), the absorptivity and
reflectivity of the composites were positively correlated with

the intermediate parameters of individual particles (i.e., the ab-
sorption coefficient and scattering coefficient). Consequently,
an increase in the particle diameter led to an increase in reflec-
tivity and a decrease in absorptivity. Notably, the absorption
coefficient was positively correlated with the extinction coef-
ficient (k) whereas the scattering coefficient was positively re-
lated to the refractive index (n). As demonstrated in Figs. 9(a)—
9(c), within the solar spectrum range, La;O3 with a lower
bandgap exhibited a higher refractive index and lower extinc-
tion coefficient than HfO,. Therefore, at each particle size,
LayO3 has a higher absorption coefficient and a lower scat-
tering coefficient than HfO,, highlighting the influence of the
particle type on the optical properties.

Table 3. Calculated solar absorptance () and emissivity (&) under the sky window for various structural parameters of La; O3 and HfO, based

on AML1.5 spectral data.

Parameters LayO3 HfO,
(d and & in units of pm) o (0.25-2.5 pm) € (8-13 um) o (0.25-2.5 pm) € (8-13 um)
d=0.1 0.1179 0.96 0.1296 0.96
fu = 40%, h = 400 d=04 0.0393 0.9599 0.0448 0.9590
d=0.6 0.0137 0.9572 0.0408 0.9569
d=0.8 0.0127 0.9539 0.0407 0.9532
fv=10% 0.0567 0.9575 0.0524 0.9573
d=0.6. h— 400 v =40% 0.0137 0.9572 0.0408 0.9569
fv =60% 0.0117 0.9572 0.0392 0.9569
fv=280% 0.0112 0.9572 0.0384 0.9569
h =50 0.0332 0.9574 0.1453 0.9582
d=0.6, f, = 40% h =400 0.0137 0.9572 0.0408 0.9569
h =600 0.0125 0.9572 0.0408 0.9569
h =800 0.0122 0.9572 0.0409 0.9569

In addition to particle size, the impact of volume fraction
on the optical properties of the nanocomposites was systemati-
cally studied. As shown in Figs. 12(a) and 12(b), an increase in
the volume fraction of nanoparticles essentially equates to an
increase in their total number. This elevation leads to a signifi-
cant effect: a boost in the total number of particles contributes
to scattering and absorption, resulting in a corresponding in-
crease in both the absorption coefficient and scattering coeffi-
cient with the increase in volume fraction. Analogous to the
trend observed for particle size, the impact on the enhance-
ment of optical properties diminished as the volume fraction
increased. Table 3 also presents the absorptance in the solar
spectrum range and emissivity in the atmospheric window for
both types of particles at varying volume fractions. Specifi-
cally, the solar band absorption of La; O3 decreased by 0.0005,
and the atmospheric window emissivity decreased by 0.0001
for a volume fraction of 60% compared with 80%. For La; O3,
the absorption in the solar spectrum range decreased by only
0.0008, whereas the emissivity in the atmospheric window re-
mained unchanged. Figures 12(c) and 12(d) present the ab-
sorptance and reflectance of La; O3 and HfO, at various vol-
ume fractions. It is evident that, as the volume fraction in-
creases, the reflectance increases, whereas the absorptivity de-

creases. Moreover, we observed that for HfFO, with a lower
refractive index at a volume fraction of 60%, the absorption
coefficient was higher and the scattering coefficient was lower,
manifesting in the optical properties of enhanced absorption
and reduced reflectance.

In addition to the particle size and volume fraction, we
thoroughly explored the optical properties of nanocomposites
with varying coating thicknesses. Figures 13(a) and 13(b) il-
lustrate the trends in the absorption and scattering coefficients
across different thicknesses (ranging from 50 pm to 800 pm).
Given that the absorption and scattering coefficients of the
single-particle system are independent of the film thickness,
the coefficients of the nanocomposites remained consistent
across different thicknesses. However, the increased thickness
hampered photon transmission through the material, causing
a gradual decrease in transmittance during the MC simula-
tions. In the solar spectrum, both Lay,O3 and HfO, exhibited
high scattering and low absorption, leading to a higher like-
lihood of photon scattering. As thickness increased, the op-
tical path lengthened, which enhanced the number of photon
interactions with the material and the overall scattering behav-
ior. This increase in scattering led to reduced absorption and
photon transmission. Macroscopically, this translates into a
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decrease in transmittance with increasing thickness, with the

reduced transmittance being predominantly converted into re-

flectance in the high scattering regime. In the mid-IR band,

absorptivity remains largely unaffected by thickness due to the

high absorption properties of the material, resulting in the ab-

sorption of photons shortly after entering the material. Our

comprehensive analysis of the forgoing sections fully demon-

strates that the effect of scattering induced by multiple parti-

cles plays a vital role in the macroscopic optical properties of
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Lay03 and HfO,. Compared to the intrinsic optical properties
calculated using Fresnel’s equation (see Fig. 10), the scattering
of particles can change and even invert the optical response in
both the solar and mid-IR spectra. Consequently, the optical
properties of nanocomposites can be macroscopically tuned
by ingeniously optimizing the structural parameters, including
the particle distribution, volume fraction, and topological con-
figurations, which are highly advantageous for the design and
optimization of nanocomposites with robust optical properties.
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Fig. 12. Optical characteristics and corresponding optical properties of La; O3 and HfO, nanocomposites at various volume fractions with a fixed particle
size (d = 0.6 um) and thickness (72 = 400 um). (a) Absorption coefficients of LayO3 and HfO, nanocomposites. (b) Scattering coefficients of La;O3
and HfO, nanocomposites. (c) Absorptance/emissivity of La;O3 and HfO, nanocomposites. (d) Reflectance of La; O3 and HfO, nanocomposites.
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Fig. 13. Optical characteristics and corresponding optical properties of La; O3 and HfO, nanocomposites at various thicknesses with a fixed particle size
(d = 0.6 um) and volume fraction (fy, = 40%). (a) Absorption coefficients of La,O3 and HfO, nanocomposites. (b) Scattering coefficients of LayO3
and HfO, nanocomposites. (c) Absorptance/emissivity of La;O3 and HfO, nanocomposites. (d) Reflectance of La; O3 and HfO, nanocomposites.
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4. Conclusions

Our extensive exploration of the optical properties of
La; 03 and HfO, nanocomposites across a broad spectrum un-
derscores their potential for passive radiative cooling applica-
tions. Through a combination of multiscale simulations, in-
cluding first-principles calculations and MC simulations, we
comprehensively characterized the intrinsic optical constants
at the atomic scale, as well as the scattering behavior and opti-
cal performance at the macroscale. The multiscale simulation
method of first-principles calculation combined with MC sim-
ulation can quickly screen materials with specific optical prop-
erties in a high-throughput manner without being interfered by
experimental conditions. In addition, because the bandgap is
negatively correlated with reflectivity, materials with better ra-
diative cooling performance can be found in the bandgap range
of 4.96 eV to 5.39 eV. Furthermore, it is important to highlight
that 3ph scattering significantly influences the mid-IR emis-
sivity and must be carefully considered. Our findings provide
valuable insights into the design and optimization of nanocom-
posites with robust optical properties, presenting a viable strat-
egy to combat global warming through energy-efficient cool-
ing solutions. However, our study did not consider the influ-
ence of temperature on the optical properties of the infrared
band, including the possible lattice expansion caused by tem-
perature, which affects the frequency shift effect and the ef-
fect of temperature on the damping factor y,. We suggest us-
ing molecular dynamics to introduce lattice constant correc-
tion at specified temperatures and incorporating temperature
effect correction into three-phonon scattering to obtain more
accurate optical performance prediction results. In addition,
the MC simulation lacks a discussion of the emissivity under
different particle size distributions. It is recommended to add
optimization of the particle size distribution parameters in fu-
ture research to obtain simulation results that are more in line

with actual situations.
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