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Vanadium dioxide (VO 2 ) is a phase-transition material that exhibits metallic or
insulating characteristics depending upon its temperature. In this study, a multilayered
film consisting of VO 2 , silicon dioxide (SiO 2 ) and gold was proposed as a
metamaterial that switches its absorptivity over a broad wavelength range depending
on the ambient temperature as a fundamental element of a building pigment. At high
temperatures, the multilayer showed a high absorptivity at mid-infrared wavelengths,
promoting radiative cooling. Simultaneously, the multilayer presented a low absorptivity
in the visible and near-infrared wavelengths, enhancing sunlight absorption. The daily
average heat flux can possibly be suppressed in summer in comparison with a gray
body whose emissivity was 0.8. Conversely, at a lower temperatures, the multilayer
showed opposite absorptivity in both the mid-infrared and visible ranges, and its daily
average heat flux increased in winter. The metal-insulator phase transition of VO 2
caused a drastic shift of the resonant wavelength related to surface phonons and
surface plasmons at an infrared wavelength, and optical interference at a visible
wavelength, originating at the interface of the SiO 2 layer. Thus, the radiative heat flux
for both sunlight absorption and radiative cooling was simultaneously controlled
depending on the temperature of VO 2 .
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Abstract

Vanadium dioxide (VOy) is a phase-transition material that exhibits metallic
or insulating characteristics depending upon its temperature. In this study, a multilayered
film consisting of VO, silicon dioxide (SiO2) and gold was proposed as a metamaterial
that switches its absorptivity over a broad wavelength range depending on the ambient
temperature as a fundamental element of a building pigment. At high temperatures, the
multilayer showed a high absorptivity at mid-infrared wavelengths, promoting radiative

cooling. Simultaneously, the multilayer presented a low absorptivity in the visible and

near-infrared wavelengths, enhancing sunlight absorption. The daily average heat flux
can possibly be suppressed in summer in comparison with a gray body whose emissivity
was 0.8. Conversely, at a lower temperatures, the multilayer showed opposite absorptivity
in both the mid-infrared and visible ranges, and its daily average heat flux increased in
winter. The metal-insulator phase transition of VO. caused a drastic shift of the resonant
wavelength related to surface phonons and surface plasmons at an infrared wavelength,
and optical interference at a visible wavelength, originating at the interface of the SiO>
layer. Thus, the radiative heat flux for both sunlight absorption and radiative cooling was

simultaneously controlled depending on the temperature of VO..
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1. Introduction

The Earth’s surface receives solar energy with an intensity of about 1.0 kW/m?
during the daytime [1]. In contrast, the ground thermally returns radiative energy to outer
space depending on its temperature and emissivity through the day and night. The
intensities of sunlight and thermal radiation from the ground, i.e., radiative cooling, are
not the same from one month to the next. Therefore, we experience seasonal variation
with high or low temperatures over the course of each year in most parts of the world.
Nowadays, people in developed countries heavily use air-conditioning and heating to
maintain comfortable room temperatures, especially in summer and winter. Since these
consume much electricity, they can contribute to global warming and the associated
climate changes that the world is now experiencing. Moreover, these climate changes
promote further consumption of electricity for heating and air-conditioning. To reduce
the use of electricity, especially in summer, the use of pigments on building walls and
roofs that reflect sunlight have been proposed and commercialized [2—-4]. However, their
reflective properties prevent sunlight absorption from assisting in heating in winter. To
solve this dilemma, researchers have tried to realize intelligent thermochromic windows
that have controlled reflectance in response to temperature. In theory, they can reflect
sunlight only in summer while absorbing it in the winter [5-8]. Windows have been
developed that contain a thermochromic vanadium dioxide (VO2). They exhibit a
reflective property, like a metal, at a high temperature and become transparent, like an

insulator, at a lower temperature. Since VO_ exhibits different crystal structures below
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and above its metal-insulator transition temperature, it can have optical, electrical, and
thermal properties that significantly change at various temperatures [6,9-11]. To improve
the switching property of this material, i.e., the ratio of the optical property before and
after phase transition, the growth of VO- crystals was done using pulsed laser deposition
[12] and chemical vapor deposition [13] as well as sol-gel [6,14,15] and other techniques
[9,16]. Several optical metamaterials consisting of VO, were studied to improve the
switching characteristics of sunlight reflectance at high and low temperatures [12,17-20].
This switching characteristic was also applied to control emissivity at mid-infrared
wavelengths to impact radiative cooling of a satellite [19,21]. Moreover, optimized
multilayers were proposed to control the absorption and emission of near-infrared rays
[22,23]. VO2 photonic crystals controlling visible ray were promised ways to manufacture
synthetic opals [24]. In addition to VO, perovskite-type manganese oxide containing rare
earth is a candidate material exhibiting metal-insulator transition [11].

Optical metamaterials containing VO2 as a thermochromic material have
attracted the attention of researchers for 20 years. However, each of the earlier
investigators independently controlled the optical properties over a limited wavelength
range related to sunlight absorption or radiative cooling. Fig. 1 shows spectral radiative
intensities of blackbody radiation at 300 K and sunlight considering the transmittance of
the atmosphere, i.e., an atmospheric window [1,25]. Sunlight consists visible and near-
infrared rays with wavelengths shorter than 2.5 um, while the ground thermally emits
mid-infrared rays at around 10 um where the atmospheric window transmits the radiation

well. Although the net heat flux of radiative cooling is only about 15% of the sunlight
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absorption, it cannot be neglected. Since the sun irradiates the ground with a non-uniform
intensity throughout the daytime, the daily average solar heat flux is less than half of its
maximal value. Therefore, radiative cooling can be promoted even in the daytime by
suppressing the absorptivity of visible rays [25-28]. Previous research in both theoretical
and experimental approach was often conducted using optical metamaterials that utilized
a surface phonon polariton (SPhP) [26] and optical interference [27], while other
researchers achieved this effect using no metamaterials [28].

Simultaneous control of sunlight absorption and radiative cooling is necessary
to effectively manipulate the heat flux between outer space and the ground. To suppress
temperature increases during the summer, the emissivity at the mid-infrared range needs
to be high while retaining a low absorptivity in the visible range. In winter, the emissivity,
i.e., absorptivity, should have values at the opposite end of the range to increase room
temperature. Since it is difficult to achieve such an irregular property with VO alone, we
propose a nanometer-sized composite of VO in a metamaterial that has the potential to
switch its optical property over a broad wavelength band. In this study, numerical
simulations were conducted to clarify the feasibility of developing such an irregular
property using a metamaterial with VO». Additionally, the metamaterial performance as
a fundamental element of an intelligent windows and that of pigments is also estimated,
accounting for the ambient temperatures in Okayama City, the location of the current

study, in Japan.
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Fig. 1 Comparison of spectral radiative intensity of sunlight and radiative cooling. The
red portion of the figure corresponds to solar spectrum known as AM1.5 [1]. The blue
portion corresponds to radiative cooling of a blackbody at 300 K through the atmospheric

window [25].
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2. Theoretical model

Fig. 2 shows a schematic diagram of the multilayered film proposed in the
current study. VO, silicon dioxide (SiOz), and VO- layers with respective thicknesses of
ty, to, and h are deposited on a reflection layer made of gold. Moreover, a slit at the top
VO layer with a period of 4 forms a periodic strip structure of width, w. At high
temperatures, SiO, acting as an insulator, is sandwiched between two metallic VO2 (m-
VOy) layers. This configuration resembles metal-insulator-metal (MIM) and metal-
semiconductor-metal multilayer structures, which significantly absorb or emit thermal
radiation of particular wavelengths by resonating the electromagnetic field around them
[29-33]. Moreover, SiO2 has a potential to excite a surface phonon (SPh) in the mid-
infrared wavelength range [34] and radiate within a limited bandwidth. Therefore, it is
predicted that these phenomena will contribute to enhancing radiative cooling at high
temperatures. Alternatively, at low temperatures, VO2 exists as an insulator (i-VO2). In
this study, the electromagnetic field around the multilayer was numerically calculated to
evaluate its absorptivity. Simulations were performed using a two-dimensional finite-
difference time-domain (2D-FDTD) method [35,36], employing an open-source software
package [37]. In the FDTD method, Maxwell’s equations for an electromagnetic field

[38], are numerically solved.

y __oB(r1)
VxE(r,t) = — (1)
VxHr ) =0 L g )
ot
V-D(r,t) = p(r,t) 3)
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In the current simulation, the complex permittivities of each material were
fitted using several types of dielectric functions. That of gold [39] was fitted to the

monopole Drude model as follows:

gAu (a)) = g/’-\u (a)) + i‘9/’-'\u (60)

2
.

=&, - (5)

o(@+il ) ’
where, & is the relative background permittivity, wp is plasma angular frequency, and 7'
is the relaxation rate of a free electron. That of m-VO> [12] was fitted to the Drude—
Lorentz model as:

Emvo, (@) = &0, () +igg o, (@)

2 2
0] f
—e - b +— |12a’|1. ’ (6)
o(o+il) o, -0 -l o

where, fii (1 =1, 2, 3) is the strength of the Lorentz oscillator, i (1 =1, 2, 3) is the center
angular frequency, and 77i (1 = 1, 2, 3) is a damping factor. Those of i-VO2 [12] and SiO»
[39] were fitted to the dipole or tripole Lorentz models, which are summations of two and
three Lorentz oscillators as follows:

€ivo, () = 5i’-voz (0)+ i‘9i’-,voz (@)

faoh fLop
:g:x)+ - |12 Il- + - |22 |2- ’ (7)
w,—o" -l'iow o,-o"-1I',0
’ HpN
Esio, (@) = &gio, (@) +igge, (@)
2 2 2
—e 4 @} n flo, + flats ®)

2 2 2 2 2 2 '
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It is known that i-VO2 shows phonon absorption bands at wavelengths longer than 17 um
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(< 0.07 eV) [40]. In this study, the effect of phonon band around 17 pm was regarded to
be small due to a reason mentioned later. Each parameter in the Drude and Lorentz
oscillators is summarized in Table 1.

The numerical simulations were conducted adopting the following assumptions.
The complex permittivity of m- or i-VO2 was appropriately applied for the VO layer to
evaluate the absorptivity of the multilayer at high and low temperatures. Ordinarily, the
phase transition temperature of VO including the reference [12] is 341 K, which is too
high for room temperature control. Technically, the transition temperature can possibly
be reduced to 300 K by controlling epitaxial stress in the growth process [9], sputtering
deposition [41], and tungsten doping [6]. However, the permittivities of the VO, with
these techniques are not perfectly same as the original one due to differences of the

crystallinity. Specifically, the real permittivity of m-VO> should be negative over the

visible to mid-infrared range to utilize SPh for absorptivity control. Moreover, the

permittivity has a thermal hysteresis loop around the phase transition temperature, and
the hysteresis width needs to be reduced enough to achieve good switching property

[9,42—-44]. Although it is possible to grow VO» with preferable permittivity and hysteresis

width according to the study in solid physics [9], the permittivity of VO, with low

transition temperature in a wide wavelength range has not been reported in detail. The

objective of the current study is only to reveal the feasibility of the multilayered film

using VO3 as a metamaterial. Therefore, it was assumed that the transition temperature

was reduced to 300 K, i.e., room temperature, while retaining the preferable permittivities

of m- and i-VO. before transition temperature reduction. Simultaneously, the assumption

9
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for the transition temperature enabled to omit the phonon band of i-VO. at 17 um because
the phonon absorption becomes less obvious with decreasing temperature difference

between the i-VO2 and transition temperature [45]. Moreover, the hysteresis width was

assumed to be negligibly small.

In the simulation, a planar Ex-polarized wave was used to perpendicularly
irradiate the multilayer to obtain a spectral absorptivity in the normal direction. The
computational area was divided into square mesh with the size of 5 nm x 5 nm. For
boundary conditions of the computational area, a perfectly matched layer (PML) was
applied to the top and bottom boundaries to eliminate reflections, while a periodic
condition was applied to the side boundaries to express an infinite multilayer surface in
the x-direction. All simulations in this study were conducted using a workstation with an

AMD Ryzen 9 3900X processor and 32 GB RAM.

10
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Fig. 2 Schematic diagram of the multilayered film consisting of VO..

Table 1 Fitting parameters of the dielectric functions.

Gold substrate

Parameters Gold m-VO; i-VO2 SiO2
& (-) 3.9703 7.15 5.95 2.38
wp (rad/s) 1.2118 x 101® 9.4 x 10%° — —
I (rad/s) 1.2346 x 10% 1.55 x 101 — —
fin (-) — 2.73 4.5 0.68
w1 (rad/s) — 5.58 x 10 1.85 x 10 2.021 x 10t
I'a (rad/s) — 1.84 x 10%® 1.55 x 107 1.6 x 10*2
fiz (-) — — 3.19 0.1
w2 (rad/s) — — 9.8 x 10'° 1.502 x 10
T2 (rad/s) — — 4.6 x 10 1.18 x 10*2
fiz (-) — — — 1
wi3 (rad/s) — — — 8.6 x 10%3
I3 (rad/s) — — — 6 x 10%2
11
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3. Simulation result and discussion

Fig. 3 shows the spectral absorptivity of the representative geometry with A =
2.0 um, w =1.8 um, t; = 100 nm, and t> = h = 200 nm. For the high temperature condition,
the absorptivity diminished to less than 0.5 at the near-infrared range because m-VO; has
a negative value of permittivity and a reflective property. Therefore, the multilayered film
could reflect sunlight to an extent. However, at wavelengths shorter than 0.6 um, the
multilayer absorbed about 80% of the sunlight. Since the permittivity of m-VO; is
positive in the visible range, the sunlight penetrated into the multilayer with little
reflection and was attenuated during a multi-reflection inside the film.

In the mid- and far-infrared range, which involved radiative cooling, there were
three distinct peaks at wavelengths of 7.77, 11.74, and 13.21 um. Blackbody radiation at
300-320 K has a maximum spectral intensity at approximately 9.5 um. Thus, the three
absorptivity peaks easily promoted radiative cooling. A distribution of the y-directional
magnetic field surrounding the multilayered film is depicted in Fig. 4 to clarify the
mechanism of strong emissions at the wavelengths of these three distinct peaks. The
incident wave perpendicularly irradiated the surface of multilayered film at a wavelength
of 7.77 um corresponding to the peak wavelength at the shortest side. This peak was
chosen because it was the largest of the three distinct peaks. In Fig. 4, the y-directional
magnetic field was strong inside the SiO> layer between which two m-VO> layers were
sandwiched. The intensity of the magnetic field was more than twice that of the incident

wave. Usually, such a strong magnetic field can be described by magnetic response in an

12
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equivalent electrical circuit [29,31,46]. The electrical circuit model is convenient to
describe the absorption of radiation by thin-multilayer simply. However, since the carrier
relaxation rate of m-VO,, I'p, was higher than the angular frequency of the peak, 2.4 x
10 rad/s, free electrons in the m-VO, may not oscillate collectively to form equivalent
capacitors and inductors in the circuit model. Moreover, the circuit model indicates
wavelengths that are also close to the phonon band of SiO». Wang et al. reported an optical
phonon has a possibility to mediate a strong LC circuit resonance [47]. However, the
circuit model slightly deviated from the simulation result depending on the geometric
parameter.

Since the numerical simulation only solves the development of the
electromagnetic field, the absorption mechanism essentially could be described as the
interaction between the geometry of multilayered film and the surface electromagnetic
wave. Instead of the circuit model that expresses the peak wavelength with an analogy,
we discuss the state of electromagnetic waves. Generally, an incident wave with a
wavelength of several microns cannot enter a 200 nm thick SiO. layer sandwiched
between two metallic layers because of the diffraction limit. However, an electromagnetic
wave with a limited angular frequency and wavenumber can be diffracted at the bottom
corner of the strip and exist in the SiO- layer as a surface wave that is maintained by the
polarized electric charge on metallic surfaces. Here, the local density of electromagnetic
states (LDOS) at the VO.—SiO—VVO- semi-infinite plane layers for a transverse magnetic

(TM) wave is expressed for propagating and evanescent components as follows [48]:

13
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where, Co is the speed of light in a vacuum, rij is the Fresnel reflection coefficient between
two layers, i and j. The bottom VO layer, SiO, layer, and strip layer respectively
correspond to layers 0, 1, and 2. Ideally, the layer 0 and 2 need to be sufficiently thick to
avoid penetration of electric field. Fig. 5(a) shows the magnitude of the LDOS as
functions of the angular frequency of an incident ray and the x-directional wavenumber
of the surface wave, ky. The LDOS had a local maximum at a point with an angular
frequency greater than 2.4 x 10 rad/s and a larger wavenumber than the light line in
SiO>. The local maximum corresponded to the dispersion relation of the surface plasmon
(SP), which is the polarized electron on two metallic surfaces sandwiching the insulating
layer [49]. Similarly, two series of local maxima and dispersion relations were observed
at an angular frequency less than 2.0 x 10 rad/s. Due to the Lorentzian pole of SiO;
originating from the SPh oscillation [34], these dispersion relations were separate from
that of the SP. Therefore, the dispersion relations were simultaneously affected by the SP
and SPh. Here, there was a photonic bandgap with no dispersion relation from 2.0 to
2.3 x 10% rad/s. Thus, a small incident wave was permitted to enter the trilayer. Its
absorptivity was suppressed to a level that was less than 0.3 at wavelengths from 8.0 to
9.0 um in a vacuum. Although there were dispersion relations at other angular frequencies,

several incident rays were still reflected. The wavenumbers of the SP and SPh at the

14
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interface between m-VO, and SiO were restricted depending on the strip width, w, due
to the finite width of the strip layer. After an incident ray was diffracted at the corner of
the strip and converted into a surface wave, only the surface wave whose angular
frequency and wavenumber were superposed with the dispersion relation of SP and SPh
was absorbed by the multilayered film. The sign of the magnetic field was the same from
the left to right sides of the strip, but became zero at the top side of the strip as shown in
Fig. 4. This magnetic field possibly corresponded to a half period of the surface wave.
Therefore, the wavelength of the surface wave was approximated as double the strip width,
and the wavenumber of the surface wave, ky, corresponded to w/w.

Fig. 5(b) shows the spectral absorptivity of the multilayered film with various
strip widths, w. The peak wavelengths estimated by the dispersion relation and the
wavenumber, Ky, are depicted by the blue and green dashed lines in this figure. As a
reference, the estimated peak wavelength derived using the LC circuit model proposed
by Lee et al. was depicted by dashed black lines in Fig. 5(b) [29]. For w = 1.8 um, the
three peaks shown in Fig. 3 were observed. These wavelengths at the peaks decreased
with the strip width, w. Here, the wavelengths, which are denoted by each dispersion
relation and LC circuit model, also decreased according to the same trend because the
larger wavenumber of the surface wave was correlated with the incident ray having a
higher angular frequency. The LC circuit model could not express the series of peaks at
12.64 pum, and the model was unsuitable for this geometry to describe the peak without
modifications. Moreover, the peak wavelengths denoted by the mixed dispersion relation

of the SP and SPh were superposed in the simulation results, especially for the narrow

15
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strip condition. However, there was a discrepancy of several microns between the
wavelength denoted by the dispersion relation of the SP and the simulation. The angular
frequency of the dispersion relation in the practical geometry was possibly lower than
that of the idealized VO>-SiO>—VO. semi-infinite plane layers. Generally, the dispersion
relation of the SP in the multilayer becomes more complicated with increasing numbers
of metal and insulating layers [49]. Here, an electromagnetic wave can penetrate even
several nanometers into a metal surface. The penetration depth of an electromagnetic

wave is & =C,/2wxk , where the intensity of the wave attenuates at the rate of e for m-

VO,, is about 50 nm. Here, K:\/(—g'+\/g’2+g"2 )/2 is an extinction coefficient.

Since the thickness of the bottom m-VO. layer was 100 nm, not thick enough to eliminate
the electromagnetic wave, the substrate gold layer affected the dispersion relation of the
SP. The SP and SPh affected the absorptivity at the peak wavelength as well. For w = 0.5
um, two peaks were observed at 9.43, and 12.64 um, and their absorptivities were
comparatively low. Since the strip only covered 25% of the SiO>—vacuum interface, the
incident ray could not strongly excite the SPh or SP to become absorbed. Conversely, the
absorptivities at the peaks and the full width at half maximum (FWHM) became larger
with increasing strip width. It is clear that the wide strip had a role to enhance absorptivity
in the infrared range by exciting the SP and SPh inside SiO- layer at high temperatures.
Fig. 3 also shows spectral absorptivity for the low temperature condition when
VO shows insulating characteristics. The overall absorptivity for an infrared ray was

lower than at high temperatures. Although two significant peaks were observed at a

16
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wavelength of 8 um, they only slightly contributed to promoting radiative cooling due to
their small FWHM. On the contrary, the overall absorptivity for the visible ray reached
about 0.8 due to the overlap of several peaks with large FWHMSs. The high absorptivity
in the visible range is useful to efficiently harvest sunlight energy.

The current geometry presents three transparent films on a reflection substrate.
Their absorptivities are often determined by the thickness of each layer in similar
geometries [50]. Fig. 6(a) shows the spectral absorptivity with various thicknesses of the
bottom VO layer, t;, from 0 to 1000 nm. The strip width, w, was fixed at 1.8 um. The
peaks at 8.77 and 12.5 um were not affected by the thickness, ti. Due to the Lorentz
oscillators’ center frequencies, win and wiz shown in Table 1, SiO; has negative
permittivity values at wavelengths from 8.1 to 9.3 um and 12.4 to 12.53 pum. In contrast,
vacuum and i-VO. have positive values at these wavelengths. The absorptivity of a
multilayer sometimes has a local maximum originating from the excitation of the SPhP
at the interface between two non-magnetic materials when their permittivities are of

opposite signs [34]. Here, the SPhP has the following dispersion relation [51]:

Ksprp = (a)/co ) N 8152/(‘91 +& ) ' (11)

where, kspnp is the wavenumber of the SPhP in the x-direction and & is the permittivity of
the medium, i. The SPhP can be excited by a TM polarized propagation wave, which both
satisfy the SPhP’s dispersion relation and the following Bloch condition:

K, = ®/Cy +270/ A, (12)
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where, n is the order of diffraction in the x-direction. The green and blue lines in Fig. 6(a)
show the wavelength of the incident rays, which respectively excite the SPhP at the SiO>—
vacuum and SiO2-i-VO; interfaces. The two modes of the SPhP were excited at the
almost same wavelength, 12.3 and 12.6 um. Since the FWHMs of the two modes were
larger than the difference of the resonant wavelengths, there was a single absorptivity
peak at 12.5 pum. The theoretical SPhP wavelength was also superposed on two
absorptivity peaks around 9.0 um for VO layers thicker than 500 nm. Fig. 7(a) shows an
image of the y-directional magnetic field around the multilayered film for t; = 600 nm.
The wavelength of the incident ray was 8.64 um, which corresponds to that of the SPhP
between SiO> and the vacuum. Usually, the SPhP cannot be excited by a normal incident
wave because the wavenumber in the x-direction is zero. Since a portion of the incident
wave was diffracted at the top and bottom corners of the strip, the wave could satisfy the
dispersion relation of the SPhP. Therefore, a strong magnetic field was selectively
observed at the SiO>—vacuum interface, while the absolute intensity was comparatively
weak at other interfaces. Fig. 7(b) also shows a distribution of the magnetic field at 9.16
um corresponding to the SPhP wavelength between SiO and i-VO». The magnetic field
at the bottom surface of the i-VO, strip was enhanced along the SiO>—-i-VO; interface.
Simultaneously, the magnetic field at the interface below the slit between two strips was
also enhanced with an opposite sign to other interfaces. It is considered that the SPhP was
partially observed because the diffraction of the incident wave at the bottom corners of

the strip restricted possible wavenumbers in the SiO; layer.
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However, the two absorptivity peaks at around 9.0 um slightly deviated from
the SPhP modes for t; = 100 nm. The peak with a shorter wavelength was possibly a
mixed SPhP mode because it split into two SPhP modes with increasing thickness of i-
VO, t1. Conversely, the peak wavelength of the second peak increased proportionally to
the i-VO; thickness and completely deviated from the SPhP wavelength. Moreover, this
peak was determined analytically using Fresnel’s equation for the multilayer assuming a
top layer with no slit between the two strips. It was because the slit width was relatively
small. Thus, optical interference in the multilayer affected the absorptivity, including the
SPhP modes [38]. A proportional increase of peak wavelength was also observed in the
visible and near-infrared ranges. Fig. 6(b) shows an expanded contour of absorptivity of
the indicated area in Fig. 6(a). Proportional increases of the peaks were clear, especially
at wavelengths greater than 2.0 um. Furthermore, three peaks in this wavelength range
corresponded well to the analytical results depicted by the dashed lines because
diffraction at the slit was negligible. Here, peak wavelengths less than 2.0 um were nearly
independent of the thickness, t1, and kept its wavelength constant when t: was larger than
100 nm. The Fresnel’s equation indicated that these peaks originated from optical
interference only at the top i-VO2 and SiO2 layers. The thickness of the bottom i-VO.
only affected the optical interference when it was smaller than 50 nm. In summary, most
of the peak wavelengths at low temperature conditions were consistent with optical

interference, except the SPhP modes at resonant wavelengths.
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the SiO2 channel sandwiched between two smooth m-VO_ planes. The thickness of the
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SiO2 layer is 200 nm. The local maxima of f(w) are depicted by dashed lines. (b) Spectral
absorptivity of the multilayered film with various strip widths, w, is dipicted by contours.
The pitch of the periodic structure, 4, is set to 2.0 um. The blue dashed lines show the
wavelength where the mixed dispersion relation of the SP and SPh corresponds to the
wavenumber of the surface wave, ky. The green dashed line shows the dispersion relation

of the SP.
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(b). The blue dashed lines in (b) show peak wavelengths for the multilayer with no slit on

the top layer, analytically obtained from Fresnel’s equation.
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Fig. 7 The distributions of the y-directional magnetic field around the multilayered film.
The thickness of the bottom i-VO> layer is 600 nm. The wavelengths of the incident wave

are (a) 8.64 and (b) 9.16 um.
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4. Performance assessment
To evaluate the performance of the multilayered film as a fundamental element

of the intelligent pigment, the radiative heat flux between the space and film was simply
calculated. Note that this assessment was based on the permittivity of m- and i-VO_,
which were used for numerical simulation, while the fluctuation of the properties
originating from the manufacturing process was not taken into account. When the film at
temperature, T, absorbs sunlight and radiates thermally, the spectral intensity of
absorption, Ein,,, and emission, Eout,, are derived as follows:

Ei,=,Eaisss (13)

Eoui (T) =, TamEes . (T) (14)
where, a, is the spectral absorptivity of the multilayered film, Tam is the atmospheric
transmittance, Eam1s, is the spectral intensity of AM1.5, and Egg4(T) is the Planck
distribution at temperature, T. In this study, absorption and emission only in the normal
direction were considered for convenience. Moreover, the total absorbed and emitted
energies, Ein and Eout, are respectively derived from the integrals of Ein,, and Eout; as

follows:

Ein = IO Ein,ld/,L’ (15)

Epi(T) = [ B, (T2 (16)

In this study, these integrals were calculated over the range from 0.3 to 20 um, where
almost 100% of sunlight energy and radiative energy from the ground are included

considering the atmospheric transmittance [25]. Fig. 8(a) shows the spectral intensity of

26



O©CoO~NOOTA~AWNE

10

11

12

13

14

15

16

17

18

19

20

21

22

the sunlight absorbed by the multilayered film with 4 =2.0 pm, w= 1.8 um, t; = 100 nm,
and t2 = h = 200 nm at high and low temperatures. The spectral intensity from 0.6 to 1.8
um at high temperatures is slightly suppressed compared with the lower temperature case.
As a result, the absorbed heat flux at a high temperature becomes 626 W/m?, smaller than
that at low temperature, 747 W/m?. However, the multilayered film at high temperature
still absorbs 62% of sunlight energy due to the transparency of m-VO; at a wavelengths
shorter than 0.5 um. Fig. 8(b) shows the spectral intensity of the thermal radiation from
the multilayered film at high and low temperatures. The temperatures of the multilayer
were set at 303 or 278 K, which are respectively the average temperatures of Okayama
City in August 2020 and January 2021 [52]. The heat flux of thermal radiation at 303 K
was 79.8 W/m?, which was seven times larger than that at 278 K, 11.5 W/m2. The Planck
distributions at room temperature had their maximum values at around 10 um. Here, the
large FWHMs of absorptivity peaks at 303 K covered the wavelength range of the
atmospheric window. Thus, radiative cooling was promoted. Conversely, two peaks
originating from the SPhP and optical interference at 278 K slightly contributed to
radiative cooling due to their extremely narrow FWHMs. The SPhP was usually applied
for enhancing radiative cooling [26], however, it conveniently functioned in suppression
in the current case. It was clear that the SPh related phenomena were possibly utilized for
both enhancing and suppressing radiative cooling with thermochromic materials.

As a summary discussion of absorption and radiative heat flux, we roughly
evaluated the performance of a multilayered film as an intelligent pigment for building

from the viewpoint of a daily heat balance by subtracting the component of radiative
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cooling from the sunlight absorption. Here, the daylight hours in Okayama City are 14.5
hours in summer, but only 10.0 hours in winter [52]. Alternatively, radiative cooling of
the ground is passively conducted throughout the day. When the contributions of weather,
humidity and sunlight angle to both sunlight absorption and radiative cooling were
ignored, the daily average of the radiative heat flux between outer space and the
multilayered film, Eave, was defined as follows:

E _ tDaylight Ein - tDay Eout (17)

Ave ’
tDay

where, tpayiight (hours) is the daylight time when the multilayered film can absorb the

sunlight, and tpay = 24 h is the hours of one day, neglecting leap years and seconds. The

daily averages of the heat flux were 296 W/m? and 299 W/m? at high and low temperature
conditions, respectively. Here, those of ordinary building materials became 364 and 254
W/m? in summer and winter, assuming an emissivity of 0.8 over the whole wavelength
range [53-55]. The multilayered film had the potential to maintain a heat flux throughout
the year due to the phase transition of VO2. Thus, it can reduce the heat flux in summer
while increasing it in winter compared with ordinary building materials.

Finally, we discuss the relationship between the daily average of heat flux and
multilayered film geometry. Fig. 9(a) shows the radiative energy absorbed by the
multilayered film with various strip widths, w, at 303 K. The multilayered film absorbed
less radiative energy with increasing strip width. This net energy absorption can be
reduced by strongly promoting radiative cooling. In the high temperature case, as shown

in Fig. 6, the intensity and FWHW of the SPh modes also became greater with increasing
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strip width. However, the slit width between the two strips cannot be ignored from the
perspective of manufacturing. The thickness of the top VO strip needs to be greater than
200 nm to excite the SPh modes at the SiO: layer. The aspect ratio of the slit, h/(4 — w),
should be less than 1.0 at a minimum. Thus, the strip width, w, of 1.8 um is considered a
provisional optimum value. Fig. 9(b) shows the daily average of heat flux at 278 K with
various bottom i-VO; layer thicknesses. The heat flux increased with thickness, ti, at
values greater than 600 nm. However, this thickness is infeasible from the perspective
material costs and manufacturing speed. When the thickness of the bottom i-VO; is
thinner than 600 nm, the heat flux increases with decreasing thickness, t1. This is because
the peak wavelengths of absorptivity become shorter with decreasing thickness, ti, as
shown in Fig. 6(b), contributing to the effective absorption of sunlight energy.
Alternatively, the bottom layer of VO2 needs to be thick enough to excite the SPh and
promote radiative cooling at high temperatures. Moreover, the heat flux at t1 = 0 is smaller
than that at t; = 100 nm due to fewer absorptivity peaks from the optical interference. As
a result, a thickness, t1, of 100 nm seems to be the best point of compromise in the current
geometry and VOg. In practical manufacturing, the real part of permittivity of i-VO>
correlating to optical interferences has a slight uncertainty depending on the crystallinity

of VOg; thus, t1 needs further adjustment to maximize the sunlight absorption.
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5. Conclusions

We propose a multilayered film consisting of VO, SiO, and, gold as a
metamaterial to control the balance between sunlight absorption and radiative cooling as
a function of the ambient temperature. The performance of the metamaterial is
numerically estimated through the FDTD simulations. At high temperatures, the
absorptivity of the multilayer shows three distinct peaks at mid-infrared wavelengths
related to the atmospheric window. The dispersion relation of m-VO2-SiO>-m-VO; semi-
infinite plane layers shows that these peaks originate from the SP and SPh, which are
excited at the SiO. layer. The VO strip width approximately determined the peak
wavelengths and intensities following the dispersion relation. On the contrary, the
multilayer had comparatively low absorptivity at visible and near-infrared wavelengths
due to the metallic characteristics of VO». Thus, the multilayered film exhibited a lower
daily average heat flux than would be the case using ordinary building materials in
summer. At a low temperature, the absorptivity of the multilayer at the atmospheric
window is well suppressed, except for two narrow peaks. The dispersion relation and
Fresnel’s equation show that these two peaks originate from the SPhP and optical
interference at the interface between SiO>—vacuum and SiO2—i-VO.. Since FWHMs of
SPhPs were narrow enough, these peaks contribute little to radiative cooling. Conversely,
optical interference functions to increase the sunlight absorption in the visible range.
Therefore, the multilayer exhibited a larger daily average heat flux than if ordinary

building materials were used in winter.
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