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Abstract:

The sky is a natural heat sink that has been extensively used for passive radiative cooling
of households. Past experimental works have focused on maximizing radiative cooling
power of roof coating in hot daytime using static, cooling-optimized material properties.
However, the resultant overcooling in cold night or winter times exacerbates the heating
cost, especially in climates where heating dominates energy consumption. In this work,
we approach the thermal regulation from an all-season perspective by developing a
mechanically flexible coating that adapts its thermal emittance to different ambient
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temperatures. The fabricated temperature-adaptive radiative coating (TARC)
automatically switches thermal emittance from 0.20 for ambient temperatures lower than
15 °C to 0.90 for temperatures above 30 °C, driven by a photonically amplified metal-
insulator transition. The TARC is simulated to outperform all existing roof coatings for
energy saving in most climates, especially those with significant seasonal variations,
yielding a minimum cut in annual source energy consumption up to 3.65 GJ in the U.S.
for a typical single-family home.
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Introduction

More than 40% of the total energy consumption in countries such as the United States is
in buildings, and within this portion of energy, about 48% is consumed on heating and
cooling to maintain a desirable indoor temperature (about 22 °C)." In contrast to most
temperature regulation systems that require external power input, the mid-infrared
atmospheric transparency window allows thermal radiation from the earth towards the

3 K temperature outer space, thus opening a passive avenue for radiative cooling of
buildings. This method to cool an outdoor surface, such as a roof, has been extensively
studied in the past,>* and is recently advanced by the development of daytime radiative
cooling™'? using materials with low solar absorptance and high thermal emittance, in the
form of thin films,” organic paints,® or structural materials.’

Past research on daytime radiative cooling, despite their success in reducing cooling
energy consumption, typically used materials with fixed, cooling-optimized properties,
which efficiently emit thermal radiation even when the temperature of the surface is
lower than desired, such as during the night or in the winter. This unwanted thermal
radiative cooling will increase the energy consumption for heating, and may offset the
cooling energy saved in hot hours or seasons. This issue is well-acknowledged by the
research community and mitigation of the over-cooling becomes a timely demand.'' To
cut the heating penalty from over-cooling, a few techniques were recently attempted for
switching off thermal radiative cooling at low temperatures (below 22 °C). Although
effective in switching, these techniques typically require either additional energy inpu
or external activation,'* and in some cases is achieved by mechanically moving parts.'>'®
It is highly desirable to develop dynamic structures that automatically switch off the
radiative cooling at low temperatures. Existing efforts in self-switching radiative cooling,
however, are either purely theoretical,'”? or limited to materials characterization with
little relevance to practical household thermal regulation.?'**
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Figure 1. Temperature-adaptive radiative coating (TARC) and
its benefits for household thermal regulation. A. Basic property
of TARC in thermal emittance modulation and schematics for
temperature management when used as a household roof coating. The
data points are experimental emittance of a TARC. B. TARC in
comparison to other thermal regulation systems, highlighting the
unique benefit of TARC of being simultaneously energy free and
temperature adaptive. C. Simulated minimum annual space
conditioning source energy saving (SCSESmin) of TARC compared to
other existing roof coating materials for different cities representing
the 15 climate zones in the U.S. Red and blue circles indicate positive
and negative SCSES,,» values, respectively. The values are scaled to
the area of the circles. Details of the simulation can be found in the
Supporting Information.
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In this work, we tackle this problem by designing and fabricating a flexible coating
structure for all-season household thermal regulation. This temperature-adaptive radiative
coating (TARC) automatically switches its thermal emittance to 0.90 from 0.20 when the
surface temperature rises above ~22 °C, delivering high radiative cooling power
exclusively for the high temperature condition (Fig. 1A). The solar absorptance is also
optimized at ~ 0.25 (solar reflectance 0.75) for all-season energy saving in major U.S.
cities (Fig. S7), a value comparable to that of a commercial white roof coating. The
TARC is the first energy-autonomous and temperature-adaptive thermal regulation
system (Fig.1B) to demonstrate effective surface temperature modulation in an outdoor
test environment. Extensive simulations were performed based on the device properties
and the global climate database, which show advantages of TARC over all existing roof
coating materials in energy saving for most U.S. cities in different climate zones and
global cities (Fig. 1C and Fig. S8). The energy saving by TARC not only brings
economic benefits but also contributes to environmental preservation by cutting off
green-house gas emission.
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Figure 2. Basic properties of TARC and experimental
characterization. A. Schematics of the structure (i), materials
composition, and working mechanism (ii - iii) of the TARC. Twr denotes
the metal-insulator transition temperature. Subpanels (iv) and (v) show
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the simulated distribution of electric field intensity below and above
the transition temperature, respectively, when electromagnetic waves
with a wavelength of 7.8 um were normally incident on the TARC
structure. B. A photo (2 cm X 2 cm) and an SEM image of a TARC,
showing high flexibility and structural consistency with the design. C.
Thermal infrared (TIR) images of a TARC compared to those of two
conventional materials (references) with constantly low or high thermal
emittance, showing the temperature-adaptive switching in thermal
emittance of TARC. D. Solar spectral absorptance and thermal spectral
emittance of TARC at a low temperature and a high temperature,
measured by a UV-vis-IR spectrometer with integrating sphere and a
Fourier transform infrared (FTIR) spectrometer, respectively (solid
curves), showing consistency with theoretical predictions (dashed
curves). The arrow at 7.8 um denotes the wavelength where subpanels
(iv) and (v) of A are simulated.

Basic properties of TARC

The TARC is developed based on the well-known metal-insulator transition (MIT) of the
strongly correlated electron materials W,V,,0,,” and the transition temperature (7yyr) is
tailored to about 22 °C by setting the composition x at 1.5%.% A lithographically
patterned two-dimensional array of thin W,V 0O, blocks are embedded in a BaF,
dielectric layer which sits on top of an Ag film (Fig. 2A). In the insulating (I) state of

W, V0, at T < Ty, the material is largely transparent to the IR radiation in the 8-13 pm
spectral window, so the incident IR radiation is reflected by the Ag mirror with little
absorption.”” In contrast, the W, VO, becomes highly IR absorptive when it switches to
the metallic (M) state at 7 > Tyr,”” and the absorption is further amplified by the designed
photonic resonance with adjacent W, V0, blocks as well as with the bottom Ag layer
via the Y4-wavelength cavity. According to the Kirchhoff’s law of radiation,”® the thermal
emittance equals the thermal absorptance and switches from low to high values when the
temperature exceeds Tyyr. Consequently, strong radiative cooling is turned on in
operation exclusively at high temperatures, leaving the system in solar-heating or keep-
warm mode at low temperatures. The fabrication process and structural parameters can be
found in the Methods section and Fig. S1.

Figure 2B shows optical images of a fabricated TARC with high flexibility for versatile
surface adaption, as well as a microscale structure consistent with the design. The global
emittance switching was first examined by a thermal infrared camera (Fig. 2C). The
TARC surface was imaged together with two reference samples having similar thickness
but constantly low thermal emittance (0.10, copper plate) or high thermal emittance
(0.95, black carbon-fiber tape), respectively. While the thermal emission of the reference
samples appears not strongly temperature sensitive from 20 to 30 °C, the TARC shows a
dramatic change, corresponding to the switch in thermal emittance at the MIT around 22
°C.
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Spectral properties of the TARC were measured by a UV-vis-IR spectrometer and
Fourier-transform infrared spectroscopy (FTIR) for the solar and thermal-IR wavelength
regimes, respectively, and are shown in Fig. 2D. The solar absorptance (4, 0.3-2.5 um) is
about 0.25, and the sky-window emittance (&;, 8-13 um) is about 0.20 in the I state and
0.90 in the M state, consistent with theoretical simulations and other characterization
results (Fig. S2 and Fig. S3).
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Figure 3. Characterization of intrinsic radiative cooling power
of TARC in a cold vacuum chamber. A. Schematics of the
experimental setup, showing a thin heater membrane covered by
TARC or an Al foil and suspended in a cryogen cooled vacuum
chamber. The Al foil reference is used to cancel out the effect of
thermal loss via conduction. B. Measured areal cooling power of TARC
as a function of temperature in vacuum. Fitting of the Pea (7] at | and M
states by the Stefan-Boltzmann radiation law gives ¢, equal to 0.20 and
0.90, respectively. -

Characterization of radiative cooling power

The emittance switching of TARC enables modulation of radiative cooling power in
response to ambient temperature, which was first measured in vacuum shown in Fig. 3A.
A heater membrane was suspended by thin strings in a vacuum chamber, which was
cooled with dry ice to -78 °C to minimize radiation from the chamber walls. A piece of
Al foil with &~ 0.03 or an TARC with the same size was attached to the top of the heater
in two separate measurements. At each stabilized sample temperature 7, the heating
powers needed for the two coating scenarios are denoted as P a(T) and Prarc(T|,
respectively. The intrinsic cooling power contributed by the TARC was calculated as
Pt [T |=Prarc|T | = Pai(T). The Al foil reference was used to calibrate background heat
loss from thermal conduction. Figure 3B plots the calibrated cooling power, showing an
abrupt increase in P (T jwhen T increases above the MIT temperature. P, (T |at the T
state and M state are well fitted by the Stefan-Boltzmann radiation law, with the thermal
emittance extracted to be about 0.20 and 0.90, respectively, consistent with the spectrally
characterized results (Fig. 2D). Note that effect of radiation from the chamber wall (about
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-78 °C) was accounted for and corrected in the calibration. A constant factor of § (~ 0.7)
is introduced here to account for the difference between the vacuum and ambient
measurement conditions (details in Fig. S4).
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Figure 4. Characterization of TARC in an outdoor environment
and calculated thermal load advantage. A. Surface temperature
of TARC, a commercial dark roof coating (A = 0.70, & = 0.90), and a
commercial white roof coating (A = 0.15, & = 0.90) in an open-space
outdoor environment recorded over a day-night cycle. The
measurement was taken at 2020-07-05, Berkeley (37.91 °N, 122.28
°W). The solid and dashed curves are experimental data and
simulation results based on local weather database, respectively.
Measurements starting from 14:00 local daylight time (LDT) were
performed with the direct solar radiation blocked. The data after
sunset show a clear sign of TARC shutting off radiative cooling as
temperature falls below Twr. B. Measured ambient cooling power of
TARC and white roof coating with direct solar radiation blocked in the
outdoor environment. C. Calculated surface temperature (Ts) and the
corresponding emittance (&s) mapping of TARC over 24 hours and the
full year for Berkeley, California, as well as the space conditioning
source energy saving (SCSES) of TARC compared to all other materials
with fixed solar absorptance (A.r) and thermal emittance (&.f). The
icons in the SCSES map correspond to those used in Fig. 1C, denoting



224
225

226
227

228
229
230
231
232
233

234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253

254
255
256
257
258
259
260
261
262

263

264
265

the optical parameters (A, ¢;) of the strongest rival to TARC in source
energy saving for the local climate.

Demonstration of performance in outdoor environment

The actual outdoor performance of the TARC is demonstrated in Fig. 4. The surface
temperatures (7s) of the TARC, together with a dark roof coating product (BEHR #N520
Asphalt Gray) and a cool (white) roof coating product (GAF RoofShield White Acrylic),
were recorded over 24 hours on a sunny summer day on a rooftop in Berkeley,
California, with a careful design of the measurement system to minimize the effects of
artifacts (see Fig. S5).

From 00:00 to 09:00 local daylight time (LDT) when the ambient temperature was below
Tir, the TARC was 2 °C warmer than the two reference roof coatings, arising from the
low thermal emittance (€, = 0.20) of the TARC in the I-state and thus a lower radiative
cooling power than the references (&; = 0.90). The 2 °C temperature elevation is
consistent with adiabatic simulation results based on these nominal emittance values and
the local weather database (see Supporting Information). From 09:00 to 14:00 LDT when
the samples were in direct sunlight, 75 was dominated by the solar absorption in balance
with radiative cooling and air convection, and the differences between the samples agree
with the simulated results assuming the solar absorptance A to be 0.15, 0.25, and 0.70 for
the white roof coating, the TARC, and the dark roof coating, respectively. After 14:00
LDT, a shield was erected to intentionally block direct solar radiation to the surface of the
samples, which imitates the scenario of a cloud blocking the sun but with the rest of the
sky mostly clear. A convergence of the T curves was quickly observed for all three
samples, an indication that the thermal emittance of the TARC in the M state is close to
that of the two references (0.90). This condition persists for a few hours until 7 started to
drop below Tyyr =622 °C. After this point, TARC grew warmer than the two references,
with a final temperature difference of about 2 °C similar to the 00:00 to 09:00 LDT
period; this indicates that the TARC switched to the low-emittance I state. The 24-hour
outdoor experiments demonstrate the emittance switching and resultant temperature
regulation by TARC.

To directly compare their ambient condition cooling power (Pco1,,), the TARC and the
white roof coating were heated to the air temperature with the direct solar radiation
blocked. Peoa,, refers to the power needed to balance the net heat loss from the surface,
namely, the thermal radiative heat loss minus the absorbed diffusive solar irradiance
power. The obtained P, values at a low and a high air temperature are plotted in Fig.
4B. The TARC exhibits a clear switching of Pc..1,, by a factor over five across the MIT.
This is in stark contrast to the nearly constant Pc,.,, around 120 W/m? for the white roof
coating, which is consistent with values (90 - 130 W/m?) reported in literature for
radiative cooling roofs.*"*

Space-conditioning energy savings potential in U.S. cities

We performed extensive numerical simulations to analyze the performance of TARC in
household energy saving for the U.S. and global cities from an all-season perspective.
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Details of the simulations are in the Methods section and the Supporting Information.
Figure 4C shows the simulated results for Berkeley where the measurements in Fig. 4A
& B were carried out. An hour-month map of 75 was calculated using a local weather file,
laying the basis for estimation of energy saving. We assume heating and cooling setpoints
Tt hea = 22 °C and T, o1 = 24 °C,* and approximate that the building will need heating
when T'(<T g nea and require cooling when T's>7 ¢ coo1. In hour-of-year i, we define
heating degrees Dn.i=(T st hea =T s.il, and cooling degrees De.i=(Tsi—T st cool |, , Where
x,=xif x>0 or 0 otherwise. The annual average heating degrees and cooling degrees are
denoted by Dy, and D., respectively.

We used past simulations of cool-roof energy savings to predict potential space-
conditioning source energy savings (SCSES) attainable by using TARC in place of
roofing materials that have static values of solar absorptance and thermal emittance
(Details in the Method section). The figure of merit of TARC is represented by SCSES .,
the minimum value of SCSES found over existing conventional roofing materials - i.e.,
roof surfaces with values of A, and &, contained in either of the two boxes shown in Fig.
4C. SCSES, i, 1s mapped for cities representing the 15 U.S. climate zones in Fig. 1C, as
well as for major global cities in Fig. S8. It can be seen that TARC provides a clear,
positive annual space-conditioning source energy savings relative to all existing roof
coating materials in most major cities, except for climates that are constantly cold (such
as Fairbanks and Reykjavik) or hot (such as Miami and Singapore) all year round. The
figure of merit map highlights the advantage of TARC, especially in climate zones with
wide temperature variations, day to night or summer to winter. For example, we estimate
for a single-family home in Baltimore, MD built before 1980, SCSES,, is 22.4 MJ/m*-y,
saving 2.64 GJ/y based on a roof area of 118 m?2.

The results in both Fig. 1C and Fig. 4C are based on the dominant resident building
prototype in the United States,” which is a single-family home built prior to 1980.
Minimum annual source energy savings per unit roof area for single-family homes and
apartment buildings built before 1980, between 1980 and 1999, and recently are
presented in Table S4.

Conclusions

A mechanically flexible, energy-autonomous, and temperature-adaptive radiative coating
(TARC) is developed for intelligent regulation of household temperature. This system
works on the basis of a thermally driven metal insulator transition in cooperation with
photonic resonance, and features a self-switching in thermal emittance from 0.20 to 0.90
at a desired temperature of about 22 °C. These unprecedented properties enable switching
of the system from radiative cooling mode at high temperatures to solar-heating or keep-
warm mode at low temperatures in an outdoor setting. For most cities in the U.S. and
around the world, the TARC is predicted to outperform conventional roof materials in
cutting energy consumption for households. Combined with the possibility of mass
production (Fig. S9), this technology will bring broad benefit of building energy saving
and environment preservation.
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Materials and Methods

Preparation of the TARC

675 um-thick Si wafers were first covered with ~ 2 uym thick polyimide film (PI-2545,
HD MicroSystems LLC) via spin coating, which was then cured in a N,-filled oven at
425 °C for 60 minutes. The polyimide film acts as an etching protection layer for the final
transfer process. W,V O, thin films were grown on the polyimide layer using pulse laser
deposition (PLD). The PLD target was prepared by mixing WOj; and V,0s powders with
W:V atomic ratio at 1.5%, then made into 2.5 cm diameter round discs with a hydraulic
press. All W, V0O, thin films were deposited in 5 mTorr O, environment at 500 °C
substrate temperature, and the PLD laser energy was set at 321 mJ with 10 Hz pulse
frequency. 70 nm of W,V,, O, was grown at a rate of 6 nm/min, followed by a post-
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deposition anneal at 500 °C for 30 mins in the same 5 mTorr O, environment. The
metamaterials patterns were made with standard photolithography, combined with
etching of W,V O, by SFs + O, in a plasma etching system. After removing the
photoresist with acetone and O, plasma, 1.5 pm thick BaF, and 100 nm thick Ag layers
were grown sequentially on top via thermal evaporation. The growth rates of BaF, and
Ag were controlled at 20 A/s and 2 As, respectively.

In the transfer process, a piece of 0.06 mm thick single-sided sticky cellophane packaging
tape was first carefully applied to fully cover the surface, where the Ag layer was stuck to
the adhesive side without any residual air bubbles. An initial Si substrate removal process
was performed in a HF + HNO; solution, mixed by aqueous HF (49% weight percentage)
and HNO; solution (68% weight percentage) with a volume ratio of 10:1. The samples
were pulled out and rinsed with DI water to stop the initial etching when the etchant starts
to touch down on the polyimide layer. A XeF, dry etching process was then carried out to
clean off the residue Si. In the final step, the polyimide protection layer was removed by
O, plasma at 100 mTorr O, pressure and 200 W plasma power for ~ 11 mins.

Spectrally resolved measurements

Thermal spectral reflectance at normal incidence r (4, T ) was characterized by a Nicolet
1S50 FTIR spectrometer and Nicolet Continuum microscope over the spectrum 5 — 15
um. The objective lens was 32X with 0.65 numerical aperture. A blade aperture of 100
um X 100 um was used to select the area of interest. All reflection spectra were
normalized to the reflection spectrum of a 300 nm thick gold film. The temperature of the
samples (ranging from 15 °C to 50 °C) was controlled by a customized closed-loop
thermal stage, connected to a Lakeshore 321 temperature controller. Applying Kirchoff’s
law of radiation, thermal spectral emittance & (4, T) was computed as

el A, T)=a(A, T)=1—r(4,T) since the TARC was essentially opaque from 5 to 15 ym.

Near normal-hemispherical solar spectral reflectance 7 (4| was measured from 300 to
2,500 nm with an Agilent Cary 5000 UV-vis-NIR spectrometer equipped with an Internal
Diffuse Reflectance Accessory (DRA-2500), which collects both specular and diffuse
reflections. Solar spectral absorptance was computed as a(4)=1—r[/since the film was
essentially opaque to sunlight.

The solar absorptance A and sky-window thermal emittance €, can be calculated from the
corresponding spectral data by:

2.5um 2.5um

A= [ niajayail|l [ 1,4d
0.3 0.3
13um 13um
e(T)=| [ Blaje(a,T)di|l| [ B(id2
8 8

In which /(4] is the solar spectral intensity, and B|4] is the spectral radiance of black
body.
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Thermal infrared imaging and analysis

The TIR images were captured by a FLIR ONE infrared camera working at a wavelength
range of 8-13 um. To minimize the reflection signals from the camera and the
surroundings, the default viewing angle was set as 15° instead of normal incident
direction, and the experiments were performed in an open-area, outdoor environment
under clear sky (cloud-free). When taking IR images, the camera measures the incident
thermal radiation, and then gives the temperature reading (71r) assuming a constant
thermal emittance for the target (e.g., €, = 0.90, default setting of the camera).

Simulation of device properties

The spectral absorptance of TARC is numerically calculated using COMSOL
Multiphysics, with all the geometric parameters matching the original design. Material
properties in IR and visible ranges are from [1-3] and [4-6], respectively.

Simulation of surface temperature

The stabilized temperature of a surface (7,) with given solar absorptance (A) and thermal
emittance (€) was calculated based on adiabatic approximation, assuming negligible heat
transfer between the surface and the underlying structure. The key climate parameters for
a specific city or region, including air temperature (7,), dew point temperature (7,), wind
speed (v), solar radiance (/) and cloud coverage factor (CF) are obtained from the open
source data base’ using the TMY3 weather files. The thermal emittance of the TARC was
set at 0.20 for 7, < 19 °C and 0.90 for 7, > 27 °C, and approximated by a linear
interpolation in the transition region (27 °C > T,> 19 °C). Based on this setup, the all-
year-around temperature map (Fig. 4C) of TARC and of conventional materials with an
arbitrary combination of static A and € were calculated and compared. More details of the
simulation can be found in the Supporting information.

Projection of energy savings

Rosado & Levinson® simulated the annual space heating source energy savings 4S5y
(typically negative) and the annual space cooling source energy savings 4S. (typically
positive) attained by increasing roof albedo for various categories and vintages of
buildings in 15 U.S. climates zones and 16 California climate zones. Note that 4 Syand
4S8, are not directly presented in Rosado & Levinson but can be estimated from the
heating, cooling, and fan energy uses reported in that work, as described in SI Appendix
L

Summing 4S5} and 4 S. yields the annual space-conditioning (heating + cooling) source
energy savings 45. We used U.S. cool-roof energy savings reported by Rosado &
Levinson and our own calculations of to the hourly roof surface temperature to regress
48, to reduction 4 Dyin annual average heating degrees Dy, and 4S. to reduction 4 D,
in annual average cooling degreesD.. These linear fits of the form 4S,=a, 4 Dy, and
4S.=a. AD. yield AS=iay ADy, +a. 4D, Specifically, energy simulations for four
static roofing materials with £=0.90 and solar reflectance R=0.10, 0.25, 0.40, or 0.60 (
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A=1-R=0.90,0.75,0.60, or 0.40( were selected for the extraction of the coefficients @
and @. using the material with A = 0.90 as the baseline.

To evaluate the potential space-conditioning source energy savings (SCSES) obtained by
using TARC instead of a reference roofing surface of static solar absorptance A and
static thermal emittance €.r, we calculated in each city

ADy1are(Avtr €t) = Dyrarc— Dy (A s, &) and

AD pprc(Ars €ret) = Derare— De( A, 1) Varying Ayp and & from 0 to 1.00. We then
computed space-conditioning source energy savings

ASTpRc A rets Eret |6 U A Dy marc | Avet s € e ¥ e 4 D pare (A, €.) Over this space for each
building category and vintage of interest. The minimum 4 Starc (A s €ref| (namely,
SCSES,..,) for all possible existing roof coating properties is taken as the figure of merit
for each combination of local climate, building category and vintage group.

Acknowledgements. This work was supported by the Electronic Materials Program in
the Lawrence Berkeley National Laboratory, which is supported by the Director, Office
of Science, Office of Basic Energy Sciences, Materials Sciences and Engineering
Division, of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.
J.W. acknowledges support from the Bakar Prize. R.L. acknowledges support of the
Assistant Secretary for Energy Efficiency and Renewable Energy Building Technologies
Office of the U.S. Department of Energy under Contract No. DE-AC02-05CH11231.

References

1. Ordal, M. A, Bell, R. J., Alexander, R. W., Long, L. L. & Querry, M. R. Optical
properties of fourteen metals in the infrared and far infrared: Al, Co, Cu, Au, Fe, Pb, Mo,
Ni, Pd, Pt, Ag, Ti, V, and W. Appl. Opt. 24, 4493-4499, (1985). <https://doi.org/10.1364/
A0.24.004493>.

2. Dong, K., Hong, S., Deng, Y., Ma, H,, Li, J., Wang, X., Yeo, J., Wang, L., Lou, S., Tom,
K. B, Liu, K., You, Z., Wei, Y., Grigoropoulos, C. P., Yao, J. & Wu, J. A lithography-
free and field-programmable photonic metacanvas. Advanced Materials 30, 1703878,
(2018). <https://doi.org/10.1002/adma.201703878>.

3. Qazilbash, M. M., Brehm, M., Andreev, G. O., Frenzel, A., Ho, P. C., Chae, B.-G., Kim,
B.-J., Yun, S. J., Kim, H.-T., Balatsky, A. V., Shpyrko, O. G., Maple, M. B., Keilmann,
F. & Basov, D. N. Infrared spectroscopy and nano-imaging of the insulator-to-metal
transition in vanadium dioxide. Physical Review B 79, 075107, (2009).
<https://doi.org/10.1103/PhysRevB.79.075107>.

4, Johnson, P. B. & Christy, R. W. Optical constants of the noble metals. Physical Review B
6, 4370-4379, (1972). <https://doi.org/10.1103/PhysRevB.6.4370>.
5. Kana Kana, J. B., Vignaud, G., Gibaud, A. & Maaza, M. Thermally driven sign switch of

static dielectric constant of VOZ2 thin film. Optical Materials 54, 165-169, (2016).
<https://doi.org/10.1016/j.optmat.2016.02.032>.

6. Malitson, I. H. Refractive properties of barium fluoride. JOSA 54, 628-632, (1964).
<https://doi.org/10.1364/JOSA.54.000628>.

7. EnergyPlus, Weather Data by Region. Downloaded from https://energyplus.net/.

8. Rosado, P. J. & Levinson, R. Potential benefits of cool walls on residential and

commercial buildings across California and the United States: Conserving energy, saving



526 money, and reducing emission of greenhouse gases and air pollutants. Energy and
527 Buildings 199, 588-607, (2019). <https://doi.org/10.1016/j.enbuild.2019.02.028>.



	Temperature-adaptive radiative coating for all-season household thermal regulation

