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Abstract 1 

 A vanadium dioxide (VO2) film grown on a titanium oxide crystal shows a 2 

metal–insulator transition at room temperature with drastically changed optical properties. 3 

A multilayered slab with a sub-micron scale VO2 film was proposed to utilize its unique 4 

properties for passive intensity control of sunlight absorption and radiative cooling. Its 5 

optimal geometries were numerically explored using the Bayesian optimization (BO) 6 

method. BO was applied for three types of multilayered slabs, those having one, two, or 7 

three isolated slabs of different widths. For each type of multilayered slab, BO could 8 

optimize geometric variables with practical calculation times considering the total 9 

number of possible combinations of variables, which is subsequently referred to as the 10 

total number of candidates. Optimization results revealed that two isolated slabs had the 11 

most suitable spectral absorptivity in both hot and cold environments. The infrared 12 

absorptivity of the double slab was kept low in cold conditions to suppress radiative 13 

cooling. However, the double slab exhibited good radiative cooling performance under 14 

hot conditions. Electromagnetic energy density surrounding the slab illustrated that 15 

metallic VO2 and gold placed in a parallel manner excited the coupled mode of surface 16 

plasmon polaritons to enhance absorptivity. Radiative cooling faded for the triple slab 17 

because each slab could couple with radiation propagating only across a portion of the 18 

cross-sectional area. Through three BO trials, improvement of the VO2 visible reflectivity 19 

was recognized as a future issue for further development of passive sunlight absorption 20 

control.   21 

 22 
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1. Introduction 1 

 The atmosphere contains several gas species that absorb thermal radiation from 2 

the Earth’s surface. Since representative gases, such as H2O, CO2, and O3, absorb 3 

broadband infrared radiation, the atmosphere has a limited transparency band between 4 

the wavelengths of 8–13 μm, called the atmospheric window. Radiative coolers with high 5 

emissivity in the atmospheric window band were proposed to promote thermal emissions 6 

from the Earth’s surface into outer space [1,2]. Several radiative coolers also have high 7 

reflectivity at visible wavelengths to promote sunlight reflection [3]. Therefore, they are 8 

useful for reducing air-conditioning loads in summer. Conversely, their reflection and 9 

radiative properties possibly increase heating loads in winter with weak sunlight and low 10 

absolute humidity. Researchers also examined thermochromic materials to create a body 11 

that switches its reflection and radiative properties depending on its temperature [4]. 12 

Examples of thermochromic materials are vanadium dioxide (VO2) and perovskite-type 13 

manganese oxide, which transition to different crystal structures and change their 14 

thermophysical properties at certain temperatures [5]. Since their transition temperatures 15 

are affected by their chemical structure, numerous studies have tried to control the 16 

transition point so that it occurs at a lower temperature. For example, tungsten-doped VO2 17 

exhibits a phase transition at around 20~30 °C, while pure VO2 generally shows a phase 18 

transition at 68 °C [5–7]. Moreover, a VO2 film deposited by reactive sputtering has a 19 

low phase transition temperature due to strain in the crystal, even if it is pure VO2 [8,9]. 20 

The transition temperature of a VO2 film grown on a rutile titanium dioxide (TiO2) 21 

substrate oriented to a (001) plane is also reduced to 27 °C because the lattice constant of 22 
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rutile TiO2 is quite close to that of metallic VO2 (m-VO2) [10]. Reduced transition 1 

temperature is also observed for the TiO2–VO2 superlattice [11].  2 

Nanometer-sized structures containing VO2 have been proposed to control 3 

spectral radiative properties at infrared wavelengths [12]. By placing square-shaped VO2 4 

pieces on an insulator film deposited on a metal substrate, the emissivity of the 5 

multilayered film is dependent on its temperature. This is because the transition of VO2 6 

shifted the wavelength of the plasmonic resonance for the multilayer. VO2 also attracts 7 

researchers’ attention to control near-field radiative transfer originating from surface 8 

plasmons excited on the VO2 surface [13,14]. The phase transition feature of VO2 can be 9 

utilized as a thermal diode to rectify the radiative flux exceeding the blackbody limit due 10 

to the near-field radiative transfer. For far-field use, a multilayer utilizing optical 11 

interference in addition to plasmonic resonance was also proposed to simultaneously 12 

control the emissivity at visible and mid-infrared wavelengths [15]. These multilayers 13 

still had difficulties with the bandwidth of radiative cooling under hot conditions. Since 14 

the Earth’s surface emits radiation throughout the day and night, broadband emissions in 15 

the infrared range should be promoted through development of a reasonable design. A 16 

candidate material for this is multilayered with various widths of multiple strips that 17 

correlate to plasmonic resonance at several frequencies [16]. A way to reduce the 18 

transition temperature should also be developed to further improve these multilayers. 19 

Doped tungsten slightly suppresses the transmittance of insulating VO2 (i-VO2) and it 20 

causes degradation of switching characteristics [7]. Similar suppression of transmittance 21 

was observed for VO2 deposited by reactive sputtering [17]. Therefore, inserting a TiO2 22 
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layer as a buffer between VO2 and other materials is the most promising approach. In this 1 

study, a suitable multilayer dimension with multiple widths of VO2 slabs on a TiO2 layer 2 

was investigated using Bayesian optimization to resolve the remaining issues. Moreover, 3 

the relation between geometric parameters and plasmonic resonance, which enhances 4 

radiative cooling, was analyzed to obtain insights for further improvement. 5 

 6 
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2. Numerical simulation  1 

 Figure 1 shows a schematic diagram of a periodic slab made of TiO2 and VO2 2 

placed on a gold substrate. The TiO2 and VO2 layers have thicknesses of t1 and t2 nm, 3 

respectively. Each slab has a width of w1, w2, or w3 nm and they are periodically placed 4 

with a pitch of Λ nm. A normal spectral absorptivity of the periodic slab for a transverse 5 

magnetic (TM) wave was numerically calculated using a two-dimensional finite 6 

difference time domain (FDTD) method. In the current study, slabs with different widths 7 

were periodically placed only in the x-direction, forming a one-dimensional array of slabs. 8 

It is known that the absorptivity for a transverse electric (TE) wave becomes the same as 9 

that for a TM wave in the case of a two-dimensional array of square-shaped slabs [18]. 10 

Moreover, when the slab widths are identical, the absorptivity of a one-dimensional slab 11 

for the TM wave approximately corresponds to that of a square-shaped slab. Therefore, 12 

simulations were conducted in two-dimensional computational domains, and evaluation 13 

of absorptivity for a TE wave was omitted in this study to conserve computational 14 

resources. The simulation code was developed in Python employing an open-source 15 

library [19]. In the FDTD simulation, electric permittivities of gold, VO2, and TiO2 were 16 

expressed by summation of Drude or Lorentz oscillator models. The relative permittivity 17 

of gold [20] was fitted according to the Drude model: 18 

𝜀!"#$(𝜔) = 𝜀!"#$% + 𝑖𝜀!"#$%% = 𝜀& −
'!"

'(')*+!,
.																																													(1)  19 

Here, ε∞ is the background permittivity, ωp is the plasma frequency, and Γp is the carrier 20 

relaxation rate. The permittivity of m-VO2 [21] was fitted to the Drude–Lorentz mixed 21 



7 
 

model: 1 

𝜀-./0"(𝜔) = 𝜀-./0"
% + 𝑖𝜀-./0"

%% = 𝜀& −
𝜔12

𝜔,𝜔 + 𝑖𝛤1.
+/

𝑓#3𝜔#32

𝜔#32 − 𝜔2 − 𝑖𝛤#3𝜔

4

356

.		(2) 2 

In this equation, flj (j = 1, 2, ..., 7) is the Lorentzian oscillator strength, ωlj is the 3 

central frequency of the oscillator, and Γlj is the damping factor. The permittivity of 4 

i-VO2 [21] was fitted to a heptapole Lorentz model:  5 

𝜀7./0"(𝜔) = 𝜀7./0"
% + 𝑖𝜀7./0"

%% = 𝜀& +/
𝑓#3𝜔#32

𝜔#32 − 𝜔2 − 𝑖𝛤#3𝜔

8

356

.														(3) 6 

In this study, both states of VO2 were treated as isotropic media. TiO2 was modelled 7 

as an anisotropic material with the following permittivity tensor [20]: 8 

𝜀970"(𝜔) = 3
𝜀970"_;(𝜔) 0 0

0 𝜀970"_;(𝜔) 0
0 0 𝜀970"_∥(𝜔)

5.																												(4) 9 

Here, 𝜀970"_⟂ and 𝜀970"_|| are permittivities of TiO2 perpendicular and parallel to 10 

the c-axis. In the current configuration, the c-axis of the TiO2 layer is parallel to the 11 

z-axis in absolute coordinates. The VO2 layer contacts the (001) plane of the TiO2 12 

crystal, aiming to reduce the transition temperature. The extraordinary component, 13 

𝜀970"_||, was fitted to a tripole Lorentz model: 14 

𝜀970"_∥(𝜔) = 𝜀970"_∥
% + 𝑖𝜀970"_∥

%% = 𝜀& +/
𝑓#3𝜔#32

𝜔#32 − 𝜔2 − 𝑖𝛤#3𝜔

>

356

.														(5) 15 

The ordinary component, 𝜀970"_⟂, was fitted to a pentapole Lorentz model: 16 

𝜀970"_;(𝜔) = 𝜀970"_;
% + 𝑖𝜀970"_;

%% = 𝜀& +/
𝑓#3𝜔#32

𝜔#32 − 𝜔2 − 𝑖𝛤#3𝜔

?

356

.											(6) 17 
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Dielectric parameters used in this study are listed in Table 1. Unlike the complicated 1 

dispersion in permittivity, the relative magnetic permeabilities of all materials in this 2 

study were set to 1.0 because these materials generally do not show a magnetic response 3 

at near infrared frequencies. The boundaries of the computational area in the x-direction 4 

are a periodic boundary condition, while both boundaries in the z-direction are a perfectly 5 

matched layer (PML).  6 

 Simulations in this study were conducted using two personal workstations with 7 

respective 12-core (Ryzen 9 3900X; AMD, Santa Clara, California, United States) and 8 

32-core (Ryzen Threadripper 3970X; AMD, Santa Clara, California, United States) 9 

processors. 10 

 11 
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Table 1 Fitting parameters of dielectric functions 1 

Parameter Gold m-VO2 i-VO2 TiO2(||) TiO2(⊥) 

ε∞ (—) 3.97 3.33 1.83 1.40 2.41 

ωp (rad/s) 1.21 × 1016 4.70 × 1015 — — — 

Γp (rad/s) 1.23 × 1014 1.61 × 1015 — — — 

fl1 (—) — 1.28 2.92 1.69 4.00 

ωl1 (rad/s) — 4.51 × 1015 5.81 × 1015 9.93 × 1015 6.99 × 1015 

Γl1 (rad/s) — 1.78 × 1015 5.80 × 1015 2.55 × 1015 2.70 × 1015 

fl2 (—) — 49.9 2.00 4.23 0.78 

ωl2 (rad/s) — 3.10 × 1014 3.40 × 1015 6.47 × 1015 1.09 × 1014 

Γl2 (rad/s) — 3.05 × 1014 3.64 × 1015 1.20 × 1015 1.75 × 1013 

fl3 (—) — 1.96 1.51 123 2.50 

ωl3 (rad/s) — 2.27 × 1014 1.58 × 1015 3.52 × 1013 9.60 × 1013 

Γl3 (rad/s) — 2.80 × 1013 8.30 × 1014 1.20 × 1013 4.20 × 1012 

fl4 (—) — 45.4 2.32 — 0.93 

ωl4 (rad/s) — 1.15 × 1014 1.18 × 1014 — 7.24 × 1013 

Γl4 (rad/s) — 8.47 × 1013 2.14 × 1013 — 3.08 × 1012 

fl5 (—) — — 0.70 — 63.9 

ωl5 (rad/s) — — 9.60 × 1013 — 3.65 × 1013 

Γl5 (rad/s) — — 9.40 × 1012 — 3.10 × 1012 

fl6 (—) — — 0.59 — — 

ωl6 (rad/s) — — 7.71 × 1013 — — 

Γl6 (rad/s) — — 4.89 × 1012 — — 

fl7 (—) — — 7.30 — — 

ωl7 (rad/s) — — 5.99 × 1013 — — 

Γl7 (rad/s) — — 1.07 × 1013 — — 

 2 
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 1 

Fig. 1 Schematic diagram of the multilayered slabs periodically placed on a gold base 2 

layer.  3 

 4 
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3. Bayesian optimization 1 

 Geometric parameters for the periodic slab were determined and optimized 2 

using a Bayesian optimization (BO) method to modify broadband spectral emissivity [22–3 

24]. First, the figures of merit (FOMs) for the radiative heat flux at both high and low 4 

temperatures were defined for a quantitative performance evaluation as follows: 5 

FOM@"A = = ,1 − 𝛼BA-(𝜆).𝜀(𝜆)𝐸CC(𝜆, 𝑇@"A)d𝜆
D	5	2F	G-

D	5	2.?	G-
6 

−
𝑡$BI#7J@A,L
𝑡$BI

= 𝜀(𝜆)𝐸MN6.?(𝜆)d𝜆
D	5	2.?	G-

D	5	F.>	G-
,																																		(7) 7 

FOMO"#$ =
𝑡$BI#7J@A,P
𝑡$BI

= 𝜀(𝜆)𝐸MN6.?(𝜆)d𝜆
D	5	2.?	G-

D	5	F.>	G-
8 

−= ,1 − 𝛼BA-(𝜆).𝜀(𝜆)𝐸CC(𝜆, 𝑇O"#$)d𝜆
D	5	2F	G-

D	5	2.?	G-
,																				(8) 9 

where, αatm is the zenith absorptivity spectrum at the ground, ε represents the spectral 10 

emissivity of the slab, Ebb is the spectral emissive power of a blackbody at temperature T, 11 

EAM1.5 depicts the power of solar radiation (air mass 1.5) [25], tdaylight,s (= 14.5 h) and 12 

tdaylight,w (= 10.0 h) are the daylight time in summer and winter months at mid-latitude 13 

regions, and tday (= 24 h) is the number of hours in one day. The temperatures at the hot 14 

and cold conditions, Thot and Tcold, are respectively 303 and 278 K. These are examples 15 

of average temperatures in summer and winter, and daily variations of temperature were 16 

assumed to cancel out. The zenith absorptivity spectrum was calculated using the 17 

HITRAN database according to the reference forward model (RFM) [26,27]. The 18 

absorptivity considered the absorption of H2O, CO2, O3, N2O, CO, CH4, O2, NO, NO2, 19 

HNO3, OH, ClO, N2, HCN, and HO2. In summer, the heat flux of radiative cooling 20 
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improves the FOM, while sunlight absorption degrades it. Conversely, in winter, the heat 1 

flux of radiative cooling suppresses the FOM, while sunlight absorption increases it. 2 

When the FOMhot or FOMcold of a product takes a positive value, the product can reduce 3 

or increase the surrounding temperature without an active air-conditioner. However, when 4 

each FOM takes a negative value, an air-conditioner needs to expend energy at levels 5 

proportional to the absolute value of the FOMs to maintain the ambient temperature. In 6 

practical situations, FOMs should be much larger than zero to apply the product as a 7 

perfect passive air-conditioner because convective heat transfer increases thermal loads 8 

for both temperature cases. The total FOM for one geometry is defined as the sum of the 9 

FOMs under both temperatures: 10 

FOMA"AB# = FOM@"A + FOMO"#$.																																																																													(9) 11 

When the FOMtotal value is positive, the product can save more energy than it consumes 12 

using an air-conditioner at any temperature. 13 

The objective of BO in this study is to explore the set of variables, w1, w2, w3, 14 

t1, t2, and Λ, that maximize the FOMtotal with the smallest computational cost. BO was 15 

conducted in the manner shown in Fig. 2. The optimization program was coded using 16 

scikit-learn, a library developed for Python[28]. First, the FOMs for 20 random 17 

geometries were obtained through preliminary FDTD simulations. The results were 18 

accumulated as training data for BO. Second, the program generated a Gaussian process 19 

that assumed a numerical model, a relation among FOMs and variables from a database. 20 

The Gaussian process also calculated standard deviations of the numerical model to 21 

evaluate probability density functions for unanalyzed variables. Third, referring to the 22 
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probability density function, the program proposed a new variable candidate to exceed 1 

the maximum FOM within the database. It is notable that the program sometimes 2 

proposed a candidate value outside of a well-investigated range to avoid falling into a 3 

local maximum because the standard deviation tends to be large in this case. Fourth, the 4 

absorptivity for the periodic slab with new variables was evaluated through FDTD 5 

simulation and its FOM was also evaluated. The FOM for the variables was added to the 6 

database to update the Gaussian process model. Then, a new candidate value was 7 

proposed. The routine was iterated until the number of calculations, nc, reached a 8 

termination number, Nt. Even if the total number of candidates is larger than several 9 

million, a few percent of the candidates is sufficient for Nt to derive optimized parameters 10 

[29].  11 

To evaluate the effect of the number of slabs with different widths, BO in the 12 

current study was also applied for two reduced geometries, one or two isolated slabs. The 13 

range of variables is summarized in Table 2. Here, the width of each slab has a relation, 14 

w1 < w2 < w3. The increments of all variables were set to 100 nm. In the current 15 

optimization, the pitch, Λ, was dependent on the number of slabs, n, slab widths, and 16 

thicknesses to maintain the aspect ratio of the gap between two slabs equal to 1.0, as 17 

follows: 18 

𝛬 = /(𝑤Q + 𝑡6 + 𝑡2)
R

Q56

.																																																																																									(10) 19 

The total number of candidates reached twenty thousand, especially for the triple slab 20 

case. However, the computational time of FDTD simulation for each candidate increased 21 
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with the number of slabs. Termination was provisionally set to 300 iterations, considering 1 

the computational duration. As an exception, all the candidates, including training data 2 

for the multilayer with one slab, were calculated since the simulation for a single slab 3 

required much less computational time than other conditions. 4 

 5 

 6 

 7 

Table 2 Range of variables in each geometry 8 

Variable Triple slab Double slab Single slab 

w1 (nm) 1600 - 3800 1600 - 3900 1600 - 4000 

w2 (nm) 1700 - 3900 1700 - 4000 — 

w3 (nm) 1800 - 4000 — — 

t1 (nm) 200 - 500 200 - 500 200 - 500 

t2 (nm) 100 - 300 100 - 300 100 - 300 

Total candidates (—) 27600 3600 300 

Nt (—) 300 300 280 

 9 
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 1 
Fig. 2 Optimization flowchart of the current study. 2 

 3 
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4. Simulation results and discussion 1 

 Fig. 3(a) illustrates the difference in the wavelength range between the radiation 2 

from a blackbody at room temperature and the solar spectrum. While the wavelengths of 3 

solar rays received at the ground are shorter than 2.5 μm, that of thermal emissions from 4 

the ground are much longer. Additionally, the zenith transmittance of the atmosphere, 5 

depicted in Fig. 3(b), describes radiation within the wavelength range from 7.5 to 14 μm, 6 

which is primarily rejected to outer space. The atmosphere also has high transmittance in 7 

the range from 3 to 5.5 μm. However, transmittance affects radiative cooling little because 8 

of weak blackbody radiation. Fig. 3(b) also shows the absorptivities of multilayered slabs 9 

with i-VO2 obtained by BO based on the wavelength band of the sunlight and thermal 10 

emissions from the ground. The obtained parameters are summarized in Table 3. Since 11 

multiple reflections and scatterings in and at the edge of the multilayered slabs increase 12 

absorptivity, absorptivities at wavelengths from 0.3 to 2.0 μm are on average higher than 13 

0.75, which is useful for increasing the ambient temperature in cold environments. 14 

Conversely, radiative cooling is well suppressed due to little absorptivity at wavelengths 15 

from 7.5 to 14 μm because the thickness of each layer is much less than the wavelength. 16 

Moreover, the surface phonon polariton was not excited in this wavelength range, 17 

contrary to the case with a SiO2 intermediate layer instead of TiO2 [15]. Fig. 3(c) shows 18 

the absorptivities of the same geometry, replacing i-VO2 with m-VO2. The absorptivities 19 

related to the atmospheric window show several peaks with broad wavelength bands. The 20 

number of peaks increases proportionally with the number of slabs. Absorptivity is 21 

preferable for radiative cooling because both local maxima of absorptivity reach unity, 22 
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especially for a double slab. In the case of a triple slab, radiative cooling becomes weaker 1 

than for the double slab due to suppression of the peak at 8.38 μm. Additionally, 2 

absorptivity at the peak for a single slab is approximately 0.8 despite its optimized 3 

structure. This is because of comparatively greater sunlight absorption. Since the 4 

reflectivity of m-VO2 is insufficient at visible wavelengths, absorptivity at wavelengths 5 

from 0.3 to 1.5 μm became greater than 0.5, which is only a little less than the case with 6 

i-VO2. For a single slab, the structure with higher reflectance in the visible range exhibited 7 

a higher FOMtotal than that at a high absorptivity in the atmospheric window range. The 8 

lack of reflectivity inhibits the cooling performance of multilayered slabs in summer. 9 

Although further improvements in the visible reflectivity are necessary, BO conducted in 10 

this study could not provide better candidates.  11 

 12 

 13 

Table 3 Geometric parameters obtained from Bayesian optimization 14 

Variable Triple slab Double slab Single slab 

Λ (nm) 9800 6300 3600 

w1 (nm) 1700 1700 3100 

w2 (nm) 2500 3000 — 

w3 (nm) 3500 — — 

t1 (nm) 500 500 400 

t2 (nm) 200 300 100 

 15 
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 1 

Fig. 3 (a) Spectral intensity of the sunlight and blackbody radiation at 303 and 278 K. 2 

Spectral absorptivities of multilayers with (b) insulating and (c) metallic VO2. The zenith 3 

transmittance of the atmosphere is depicted as the simultaneous absorptivities of the 4 

multilayers. 5 

 6 
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Figure 4 shows the progression of maximum FOM developing with the number 1 

of calculation iterations. The maximum FOMs continue to saturate until 50 calculation 2 

cycles in every case. For the single, double, and triple slab cases, the BO program derived 3 

the best candidates after calculating 14.3%, 1.08%, and 0.239% of the total number 4 

candidates, including the original training data. Since one calculation cycle in the single, 5 

double, and triple slab cases required an average of 0.9, 5.0, and 8.5 hours, BO shows its 6 

effectiveness in optimizing nanostructure. This is especially true for the triple slab case 7 

with five independent variables and its long computational time. FOMhot, FOMcold, and 8 

FOMtotal for each case are summarized in Table 4. The maximum result for the triple slab 9 

case shows a better FOMtotal than several double slab cases. However, the optimized 10 

double slab exhibits the highest FOMtotal, −39.68, among the three geometries considered 11 

in the current study. As shown by the spectral absorptivity in Fig. 3(c), the suppressed 12 

absorptivity peak at the wavelength band of the atmospheric window prevents 13 

improvements of FOMhot. Here, FOMhot for the theoretical maximum/minimum is derived 14 

from Eq. (7), assuming emissivity for sunlight absorption is 0/1.0, while that for radiative 15 

cooling is 1.0/0. In the same way, FOMcold for the theoretical maximum/minimum is 16 

derived from Eq. (8), assuming emissivity for sunlight absorption is 1.0/0, while that for 17 

radiative cooling is 0/1.0. Therefore, FOMtotal can take values between 556.3 to −694.1. 18 

FOMs for three geometries of multilayered slabs are all higher than the theoretical median, 19 

−68.9. FOMs for three geometries also exceed the FOM for the gray body, −110.2, which 20 

has a constant emissivity of 0.8 for the whole wavelength range. For all cases, the FOMcold 21 

of multilayers show positive values. Although FOMs for the multilayered slabs are much 22 
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better than that for the gray body material, they are still negative due to the low FOMhot 1 

originating from high sunlight absorption in summer. However, the whitest paint made of 2 

BaSO4 demonstrated by Li et al. solves the issue of sunlight absorption and its FOMtotal 3 

becomes a positive value instead of the negative FOMcold [2]. Switching absorptivity 4 

related to the radiative cooling was beneficial for improving FOMcold. However, the 5 

multilayer could not drastically improve FOMhot due to the reflectivity of m-VO2, 6 

contrary to expectations. Specifically, ωl1 for m-VO2 needs to be much higher to raise 7 

reflectivity at visible wavelengths. Since the refractive index of VO2 is variable and 8 

depends on the growth method, improving the fabrication method to obtain higher 9 

reflectivity for m-VO2 film is essential to realizing truly optimized multilayered slabs. 10 

 11 
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 1 
Fig. 4 Improvement process of the maximum value of FOMs. 2 

 3 

 4 

Table 4 Comparison of FOMs for each geometry and product 5 

Product FOMhot FOMcold FOMtotal 

Single slab −354.4 301.2 −53.27 

Double slab −336.7 297.0 −39.68 

Triple slab −347.9 303.1 −44.78 

Theoretical maximum 142.4 413.9 556.3 

Theoretical minimum −600.1 −93.95 −694.1 

Gray body (ε = 0.8) −366.2 255.9 −110.2 

Whitest paint [2] 124.6 −82.07 42.52 

 6 
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To clarify the mechanism of absorptivity enhancement and suppression at high 1 

temperatures, electromagnetic energy density distributions around multilayered slabs 2 

with the highest FOMtotal were calculated. Time averaged electromagnetic energy density, 3 

〈𝑢〉, is obtained from the following equation: 4 

〈𝑢〉 =
𝜀F
2
〈𝐄2〉 +

𝜇F
2
〈𝐇2〉,																																																																																								(11) 5 

where, ε0 and μ0 are the absolute permittivity and magnetic permeability in a vacuum. 6 

Figure 5 shows the energy density distributions as responses to monochromatic incident 7 

waves corresponding to each absorptivity peak. Each peak is inherent in the resonant 8 

modes for every slab. When an incident wave at λr1 = 9.02 μm illuminates a double slab, 9 

the electromagnetic energy is concentrated on the side and bottom surfaces of the first 10 

m-VO2 slab. Conversely, only the second slab excites the electromagnetic field for an 11 

incident wave at λr2 = 11.03 μm. The interesting point is the decorrelation between the 12 

magnitude of energy density and absorptivity. For the same slab, the energy density at the 13 

resonant wavelength is higher than at the other wavelength. However, although the 14 

magnitude of the relative energy density is much more intense for the first slab at λr1 15 

compared to the second slab at λr2, both absorptivities are the same and reach values near 16 

unity. It is assumed that each slab can excite resonance for an incident wave irradiating a 17 

region broader than the slab width, regardless of the electromagnetic energy density.  18 

The resonant wavelength of the electromagnetic field is described as the Fabry–19 

Pérot interference of the short-range surface plasmon polariton (SR-SPP) excited at the 20 

surface of m-VO2 [30,31]. Typical research about SPPs focuses on the longitudinal wave 21 
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of an electric charge suspended by a single interface of metal and insulator layers, as 1 

shown in Fig. 6(a). Such SPPs can couple to propagating waves using a periodic grating 2 

as a coupler. However, when two metal planes facing parallel sandwich an insulating film, 3 

as shown in Fig. 6(b), SPPs at the two metal surfaces act to mutually form a coupled 4 

mode. The coupled SPP mediated by an anti-symmetrically distributed electric charge is 5 

classified as SR-SPP and it is excited by a TM propagating wave [32,33]. The SR-SPPs 6 

have a dispersion relation, which is the relation between the angular frequency of incident 7 

waves and the wavenumber of SPPs that is different from general SPPs. Here, a complex 8 

wavenumber for SR-SPPs, 𝑘STT(= 	𝑘STT% + 𝑖𝑘STT%% )	 can be defined using 𝑘STT%  as a 9 

wavenumber and 𝑘STT%%  as an attenuation coefficient. For 𝑘STT% > (𝜔 𝑐F⁄ )T𝜀970"_||, a TM 10 

propagating wave at an angular frequency, ω, can excite the SR-SPPs at a wavenumber, 11 

kSPP, satisfying the dispersion relation shown by the following equation: 12 

tanh,𝛾970"𝑡6. +
𝜀970"_∥𝛾970",𝜀-./0"𝛾!"#$ + 𝜀!"#$𝛾-./0".
𝜀-./0"𝜀!"#$𝛾970"

2 + 𝜀970"_∥
2 𝛾-./0"𝛾!"#$

= 0,															(12) 13 

where, γj for each medium is defined using the speed of light in a vacuum, c0, as follows: 14 

𝛾32 = 𝑘STT2 − Z
𝜔
𝑐F
[
2
𝜀3 .																																																																																													(13) 15 

The red line in Fig. 6(c) shows the dispersion relation of the SR-SPPs for the m-VO2–16 

TiO2–gold multilayer. The thickness of TiO2, t1, for this calculation is 500 nm. The TM 17 

propagating wave with wavelengths shorter than 12 μm excites the SR-SPPs with several 18 

times larger wavenumbers than the propagating wave in a vacuum. Moreover, SR-SPPs 19 

are reflected at the end of a finite width multilayered slab. Since the reflection of SR-SPPs 20 

exhibits Fabry–Pérot-like interference, knowledge of the wavenumber of SR-SPPs and 21 
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the slab width is essential to determine the resonant wavelength [30–32,34,35]. For a 1 

slab width, wi, SR-SPPs satisfying the following formula are excited:  2 

𝑘STT% 𝑤* + 𝜙* = 𝑚𝜋,																																																																																																	(14) 3 

where, ϕi is phase retardation at the terminus of the waveguide for the ith slab, and m is 4 

the resonance order (m = 1, 2, 3…). For m = 1, the resonant wavelength can be estimated 5 

by comparing 𝑘STT%  from Eq. (14) to the dispersion relation of Eq. (12), as shown by the 6 

green lines in Fig. 6(c). For the first and second slabs, the peak wavelengths from the 7 

simulation, λr1 and λr2, correspond to the resonant wavelengths with phase retardations of 8 

ϕ1 and ϕ2 respectively set to 0.20π and 0.16π. This correspondence supports the hypothesis 9 

that the oscillation of SR-SPPs induces localization of energy density at the corner of 10 

m-VO2 slabs, as shown in Fig. 5. The blue line in Fig. 6(c) shows the attenuation 11 

coefficient of SR-SPPs. At λr1 and λr2, 𝑘STT%%  is approximately 2 × 105 2π m−1. Thus, the 12 

propagation length,	 2𝜋 𝑘STT%%⁄ , reaches 30 μm until the SR-SPPs attenuates to e−1 times 13 

the initial intensity. Since the propagation length is much longer than the slab width of 14 

interest, SR-SPPs generated by incident waves are repeatedly reflected at the terminus 15 

and absorbed by the slab. A slab with a smaller width requires a larger number of 16 

reflections. Therefore, the energy density with a smaller slab width had a larger magnitude 17 

compared to wider slabs, and the absolute magnitude does not directly affect the peak 18 

absorptivity.  19 

 20 
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 1 
Fig. 5 Contour maps of electromagnetic energy density distribution around double 2 

multilayered slabs of different widths. These slabs are illuminated by a monochromatic 3 

wave of light at wavelengths of (a) 9.02 and (b) 11.03 μm. 4 

 5 
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 1 

 2 

Fig. 6 Schematic diagrams of (a) the SPPs excited along the metal–insulator interface and 3 

(b) SPPs’ coupled mode maintained between two metal layers sandwiching an insulator. 4 

(c) Dispersion relations of the SR-SPP supported by the m-VO2–TiO2–gold multilayer. 5 

The wavenumber, 𝑘STT% , is depicted by the red line, while the attenuation component, 6 

𝑘STT%% , is represented by the blue line. 7 

 8 
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Figure 7 illustrates the energy density distributions as responses to 1 

monochromatic incident waves for the triple slab case. When an incident wave at an 2 

8.38 μm wavelength illuminates a triple slab, the electromagnetic energy is only 3 

concentrated around the first slab. While the electromagnetic wave close to the first slab 4 

was absorbed by resonance, the wave illuminating the gap between the second and third 5 

slabs was reflected by the multilayer. As a result, the absorptivity at the peak was 6 

suppressed to a level lower than 0.7. Conversely, the peak absorptivity reached unity at 7 

λ = 10.36 μm because the first and third slabs faintly excite the electromagnetic field 8 

despite slight deviation from the resonant wavelengths, in addition to excitation of the 9 

second slab. All slabs were equally excited to absorb the incident wave for the third peak 10 

at λ = 11.18 μm. Thus, peak absorptivity was higher than 0.9. These energy density 11 

distributions clarified that the capability of each slab to couple with the incident wave, 12 

irradiating a broader region was much more important to improving absorptivity than the 13 

intensity of locally confined electromagnetic fields. This finding shows that a moderate 14 

energy concentration is sufficient to achieve an absorptivity of 1.0. Furthermore, since 15 

each slab can only absorb incident rays passing a narrow cross-section, increasing the 16 

number of slabs with different widths is only beneficial in special cases. Among them, 17 

the double slab case showed the best result in radiative cooling because both slabs could 18 

absorb the entire incident ray.  19 

 20 
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 1 

Fig. 7 Contour maps of electromagnetic energy density distribution around three 2 

multilayered slabs illuminated by a monochromatic wave. The intensity is normalized 3 

according to the intensity of an incident wave. The illumination wavelengths are (a) 8.38, 4 

(b) 10.36, and (c) 11.18 μm. 5 

 6 
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5. Conclusions 1 

 In this study, BO investigations for three types of multilayered slabs consisting 2 

of VO2 were conducted to determine the best geometry for passively controlling sunlight 3 

absorption and radiative cooling. Optimized geometric parameters were obtained with 4 

regression analysis for a few percent of the total number of candidates, particularly the 5 

double and triple slab cases. While the optimized structures with i-VO2 showed low 6 

absorptivities in the wavelength range of the atmospheric window, those with m-VO2 7 

showed broad absorptivity peaks originating from SR-SPPs. Additionally, the structure 8 

with i-VO2 also showed high absorptivities utilizing optical interference in the visible 9 

range. The SR-SPPs were locally distributed at the side surface of the m-VO2 slab and 10 

enhanced the electromagnetic energy density as a response to incident waves at the 11 

resonant wavelength. For the double slab case, since each slab could couple with an 12 

incident wave irradiated upon the whole surface area, peak absorptivity reached 1.0. 13 

However, the peak absorptivity of the first slab resonance was suppressed for the triple 14 

slab case despite the intensified electromagnetic field confinement. Each slab could 15 

interact with an electromagnetic wave irradiated within a limited area. Therefore, the peak 16 

absorptivity decreased when the number of slabs was greater than three. Although the 17 

double slab showed promising absorptivity at infrared wavelengths, the FOMhot and 18 

FOMtotal still had negative values due to the poor reflectivity of m-VO2 in the visible 19 

range. Further improvements in crystal growth techniques to obtain VO2 with high visible 20 

reflectivity is a remaining issue that needs to be resolved to progress to passive 21 

absorptivity control. 22 
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