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ABSTRACT: A thermostat senses the temperature of a
physical system and switches heating or cooling devices on or
off, regulating the flow of heat to maintain the system’s
temperature near a desired set point. Taking advantage of
recent advances in radiative heat transfer technologies, here
we propose a passive radiative “thermostat” based on phase-
change photonic nanostructures for thermal regulation at
room temperature. By self-adjusting their visible to mid-IR
absorptivity and emissivity responses depending on the
ambient temperature, the proposed devices use the sky to
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passively cool or heat during day-time using the phase-change transition temperature as the set point, while at night-time
temperature is maintained at or below ambient. We simulate the performance of a passive nanophotonic thermostat design
based on vanadium dioxide thin films, showing daytime passive cooling (heating) with respect to ambient in hot (cold) days,
maintaining an equilibrium temperature approximately locked within the phase transition region. Passive radiative thermostats
can potentially enable novel thermal management technologies, for example, to moderate diurnal temperature in regions with

extreme annual thermal swings.

KEYWORDS: solar absorber, radiative cooling, selective emission, thermochromic materials

P assive radiative cooling uses the atmosphere’s trans-
parency windows in the mid-IR to channel heat into
outer space and can serve as an efficient technique to
radiatively cool building structures,' ° renewable energy
harvesting devices,”® and even textiles.” Since ancient times,
it is known that a black radiator facing a clear night sky could
cool below hot ambient temperatures.'” However, daytime
passive radiative cooling below ambient temperature of a
surface under direct sunlight poses much more stringent
requirements due to heat absorption of solar radiation, and
only recently high perfomance photonic structures that
accomplish this goal have been theoretically proposed''”
and experimentally realized.">~"> These include nanostruc-
tured multilayered coolers that simultaneously act as optimized
solar reflectors and mid-infrared (mid-IR) thermal emitters,"’
as well as randomized glass—polymer hybrid films that are
transparent to the solar spectrum and also behave as good
emitters across the atmospheric IR transparency windows."
On the other hand, high solar absorption is sometimes a
desirable feature, particularly in energy harvesting applications
such as solar thermophotovoltaics.'®'” Various nanophotonic
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broadband solar absorbers have also been recently demon-
strated based on metamaterials,'®'® dense nanorods and
nanotube films,””*" multilayer planar photonic structures,””*’
and refractory plasmonics.”*

Although both passive radiative coolers and heaters offer
clear advantages in the above technologies, they may also
impose severe limitations to temperature management
applications, for example, maintaining buildings at temper-
atures moderate enough for human occupancy or to minimize
stress on structures due to thermal cycling. For example, a
typical passive radiative cooler will still cool during the daytime
even in cold days, while a standard passive radiative heater will
heat to undesirable high temperatures in hot days. In this
paper, we propose a nanophotonic passive radiative thermostat
that effectively monitors the ambient temperature and self-
adjusts its emissivity and absorptivity across the visible to mid-
IR wavelength range to passively cool or heat in order to
moderate the equilibrium temperature of a structure. To
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achieve this goal the device should reject solar radiation while
increasing its mid-IR emissivity for temperatures above a preset
threshold, hence operating as a cooler. On the other hand, for
temperatures below the threshold the device should behave as
a heater by absorbing sun light and minimizing heat losses via
the atmospheric transparency windows. Thermochromic phase
change materials are potential candidates for realizing the
required absorption and emission properties. Previous works in
the literature have touched upon the concept of passive smart
infrared emitters based on thermochromic materials for
temperature regulation (see, for instance, refs 25—27 and
references therein). However, a detailed description of a
passive radiative thermostat operating in the visible to infrared
frequency range, allowing for cooling or heating with respect to
ambient temperature, remains unexplored.

A commonly investigated phase change material is vanadium
dioxide (VO,), which is a correlated electron transition metal
oxide that exhibits a reversible first-order insulator-to-metal
phase transition at Tpe® =~ 68°C for bulk samples.”**” For
temperatures below the phase transition, VO, behaves as a
narrow-gap semiconductor and it is transparent at IR
wavelengths, while for temperatures above, it is highly
reflective due to its metallic character. This switchable radiative
response of VO, has been employed in the past for
manipulating thermal radiation in the near- and far-field
regime, including the develogment of thermal diodes,**
transistors,”* and memories.”*” Temperature-modulated near-
IR transmittance coatings for smart windows**"** and tunable
IR thermal emitters®”*’ based on VO, have also been reported.
However, cooling below ambient temperature is usually not
possible in these systems due to their inability to reject
incident visible sun light. Another disadvantage of bulk
vanadium dioxide is its high transition temperature that
makes it unpractical for thermal management at usual ambient
conditions. Recent experimental works have demonstrated that
it is possible to tune ng * over a wide range of temferatures
employing different approaches, including strain,*"** pulsed
voltage,43 doping,“’45 and nanostructuring.'®™>* Particularly,
phase transition temperatures as low as TPS2 ~ 17 °C have
been reported in oriented VO, thin films on TiO,
substrates.”* ™% Such high degree of control over ngz makes
vanadium dioxide a promising material to achieve passive
temperature management under a variety of climate con-
ditions.

Let us first consider a simplified model for an ideal mid-IR
emitter and a solar absorber to explain the concept of the
passive radiative thermostat (Figure lab). We assume the
former has unit emissivity e(4, 6) = 1 within the first
atmospheric transparency window (8 ym < 1 < 13 ym) and
e(4, 6) = 0 outside this wavelength range, while the latter has
constant absorptivity a(4, 8) < 1 in the visible and near-IR
range (0.3 ym < A < 2.5 yum) and is zero otherwise (Figure
1c). In our toy model, we consider that both e(4, 8) and a(4,
0) are independent of the direction into which radiation is
emitted or absorbed from. The net power exchanged between
the emitter (absorber) of area A at temperature T and the
environment is given by

Pnet(T) = Prad(T) - Psun - Patm(’l;mb) - Pcc(T! Tamb) (1)

The system emits thermal radiation with a total power given by

P(T)=A / dQ cos 0 /0 " L, (4, Te(4, 6) o
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Figure 1. Temperature management with passive photonic devices.
Schematic representation of a mid-infrared emitter (a) and a solar
absorber (b) with idealized selective emissivity (blue) and
absorptivity (red), as shown in (c). The orange and green
backgrounds correspond to the AMI.5 solar spectrum and the
atmospheric transmissivity, respectively. (d, e) Typical equilibrium
temperatures of the idealized emitter (blue) and absorber (red) with
respect to the ambient temperature (green) during hot and cold days.
In both plots the nonzero absorptivity and emissivity were chosen as a
= 0.25 and e = 1, and we modeled the time-dependent total solar
irradiance using a Gaussian distribution between 6 and 18 h with peak
irradiance of 900 W/m? at noon. The ambient temperature profile is
Top(H) = T8 + AT, sin[27(t(h) — 11)/24] with T2, = 25 °C,
AT, =5 °Cin (d), and T = S °C, AT,,, = 10 °C in (e).

where Iyz(4, T) = (2zhc/2%) [T — 1771 is the spectral
radiance of a blackbody in thermal equilibrium at temperature
T, and the solid angle integral is over a hemisphere. The body
also absorbs radiation incoming from the sun at a rate

[~
Psun = A cos esun / MIWI S(l)a(jﬂ esun)

0 ’ 3)
where Iy 5(4) is the AML.S solar spectral radiance,> and we
assume the planar radiator is facing the sun at an angle 0.
The body also absorbs heat from the atmosphere at a rate

P (T..)=A / dQ cos 0 f Ay (A, T,)a(2, 0)
0

X eatm(ﬂ“’ 0) 4)

where eyn(4, ) = 1 — t(1)"*? is the angle-dependent
emissivity of the atmosphere’ and t(A) corresponds to the
atmospheric transmissivity in the zenith direction.”® In
principle, the emitter (absorber) can also exchange heat
nonradiatively with its surroundings via convection and
conduction channels, that we account for through the last
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term in eq 1, where P, (T, Tpp) = Ah(T,p — T) and h is the
heat coefficient (we assume h =~ 7 W/m*K throughout the
paper, which is similar to that reported in ref 13). As the
ambient temperature and solar irradiation conditions change
during the day, the equilibrium temperature of the body,
calculated by enforcing P, (T.q) = 0, will correspondingly vary.
Figure 1d,e shows the equilibrium temperature for both the
idealized emitter (blue) and absorber (red) as a function of the
time of the day for two simplified ambient temperature profiles
T,mp(t) (dashed green), corresponding to a typical hot and
cold day, respectively. We neglect thermal inertia, as we
assume the system reaches thermal equilibrium at time scales
much shorter than those associated to relevant ambient
temperature variations. As expected, the emitter cools below

amb during both day and night, while the absorber heats above

T, during daytime and thermalizes at the ambient temper-
ature during night since Py, = 0. As is evident from the plots,
each of these structures has an intrinsic undesirable feature: the
absorber heats well above T, even in a hot day, while the
emitter still cools below T, in a cold day. These unwanted
temperature swings can be avoided by using materials whose
emissivity and absorptivity characteristics are affected by the
ambient temperature and, thereby, effectively behave as coolers
in hot days and as heaters in cold days.

We now introduce the concept of a passive radiative
thermostat. Let us consider an idealized body that behaves as
our solar absorber for temperatures T < Tpc, and as our mid-IR
emitter for temperatures T > Tpc, where Tpc is the phase
transition temperature of the material composing the thermo-
stat. Note that in this case both Py, and P,, will depend on T
through the temperature-dependent absorptivity a;(4, 6),
while P4 will have an additional temperature dependence
through the emissivity e(4, 8). In Figure 2a we show an
schematics of the net exchanged power (solid curves) as a
function of the body’s temperature for three photonic
thermostats with different phase transition thresholds (vertical
dashed lines) at an arbitrary time of the day. In order to most
easily explain the possible dynamical paths toward the steady
state of the system in the case of the thermostat, we also show
P, for the idealized emitter (dashed blue curve) and absorber
(dashed red curve) of Figure 1 for which no phase transition
takes place. The corresponding equilibrium temperatures of
the emitter Teg"“*" < T,,, and the absorber T"‘bs"ﬂ’er > T, are
shown in the ﬁgure For T < Ty, the thermostat curves follow
the absorber power curve, while for T > Ty it follows the one
for the emitter.

Let us first consider the case when the phase transition
temperature is lower than Tgy™*, for example, TS, When the
initial temperature of the body is less than TS, the system will
heat up, cross the phase transition, and continue heating until
it reaches TthStat Temmer (black curve). On the contrary, when
the initial temperature is above Th, the body does not
undergo any phase transition but still heats up or cools down
in order to equilibrate at Temmer, as indicated by the arrows in
the figure. When the phase transmon temperature is larger
than T“zs"rber for example, T2, the opposite equilibration
dynamics takes place (brown curve), and the thermal
equilibrium is reached at Tthmt Tabsorber Fmally, when Temltter
< Tpe < Tabs"rb“, as for the case of (), the system heats
(cools) for initial temperatures smaller (larger) than T&Y, and
locks at the phase transition temperature (green curve). Note
that the underlying operation mechanism of the passive
radiative thermostat applies for both day- and night-time, as

~absorber

Net cooling/heating power

Temperature

(b) 60 Hot day

50
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Figure 2. Passive radiative thermostat concept. (a) Cartoon
representation of the net cooling and heating power versus
temperature for three phase-change photonic thermostats (black,
green, and brown curves) with distinct operating phase transition
temperatures (vertical lines). The plot also shows the corresponding
P,.(T) associated with the idealized emitter (blue) and absorber
(red) described in Figure 1. (b) Comparison between the
performance of an idealized emitter (blue), absorber (red), and
phase-change photonic thermostat (black) with Tpc = 17 °C (dashed
purple) for a hot, moderate, and cold day. The bottom bars highlight
the thermostat’s switching between cooling and heating modes during
a day depending on the corresponding ambient temperature (dashed
green), modeled with parameters T3, = 25 °C, AT, = 5 °C (left),
T8 =15 °C, AT,,,, = 10 °C (center), and T%4 = 5 °C, AT,,;, = 10
°C (right). All other parameters are the same as in Figure 1.

well as it holds for a single Tpc and varying T,.., since the
effect of changing the ambient temperature is simply to shift
the curves of P,,(T) up or down.

In general, any of the aforementioned cases can occur during
a day depending on the relationship between the phase
transition temperature of the thermostat, and the emitter and
absorber equilibrium temperatures. Figure 2b—d show the
daily equilibrium temperature variation of the idealized emitter
(blue), the idealized absorber (red), as well as the idealized
passive radiative thermostat (black) with phase transition
temperature fixed at Tpe = 17 °C for three distinct ambient
temperature profiles (dashed green), corresponding to hot,
moderate, and cold days. For the chosen parameters, Teq " <
Tpe < T:gsorber (case of T (3) above) during the whole 24 h
period in the hot day, resultmg in an equilibrium temperature
locked at TthStat Tpe < Tomp and the thermostat working as a
radiative cooler all day long. For the moderate day, Tpc >
T@“bs"ﬂ’er (as the T$X case above) for 0 < £ < 9 hand 22 < t < 24
h, so the equilibrium temperature follows the absorber steady
state temperature during those times, T = T2 > T, .,
with the equality holding at night and the device operating as a
radiative heater early in the morning. In the time-range 9 < t <
22 h, the phase transition temperature is in-between the

absorber and emitter temperature curves, hence, Ti‘ft“t i
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Figure 3. Passive radiative thermostat based on a thermochromic VO, phase-change material. (a) Multilayer photonic nanostructure for passive
temperature management with thicknesses h; = 300 nm, h, = 55 nm, hy = 30 nm, and h, = 1 ym. (b) Calculated absorptivity (=emissivity per
KirchhofF’s law) of the designed radiative thermostat versus wavelength for VO, in the dielectric (red) and metallic (blue) phases for unpolarized
radiation. Dependence of the emissivity of our photonic nanostructure on the polar angle at mid-infrared wavelengths for (c) dielectric and (d)
metallic phases of VO,. (e) Top: schematics of VO, metallic puddles (filling factor f) in a VO, dielectric host. Bottom: angular dependence of the
average emissivity in the first atmospheric transparency window (8 ym < A < 13 um) across the phase transitions for several filling factors.

locked at Tpc, switching from heating to cooling with respect
to the ambient temperature as T, crosses Tpc. For the last
plot a similar reasoning applies but, in contrast to the case of
the moderate day, the locking at Tpc results only in day-time
heating above the ambient temperature, as desired for a cold
day (unfortunately, practical passive heating during night-time
is not possible since P, = 0). For the chosen parameters in
Figure 2b, the case of T (phase transition temperature below
Tig‘mer) never occurs. Such a case could be achieved, for
example, using a lower Ty and would result in Tg&““ following
the emitter equilibrium temperature.

We describe next a practical design to passively achieve
temperature moderation using thermochromic phase-change
materials. Figure 3a shows a VO,-based multilayer photonic
nanostructure that presents absorption and emission properties
qualitatively similar to those introduced in our toy model
above. It is composed of a thick Ag ground plane that prevents
transmission in the entire wavelength range of interest, and
alternating layers of TiO,, VO,, and ZnSe that provide the
necessary emission and absorption features. The physical
mechanism behind the optical response of our structure relies
on a Fabry-Pérot cavity specially designed to resonate at mid-
IR wavelengths. ZnSe is chosen as the material filling the cavity
as it is almost transparent in the entire visible to mid-IR
wavelength range, allowing for reduced absorption of solar
radiation and high emissivity in the first atmospheric
transparency window when VO, is in the metallic phase.
Other dielectric substrates (e.g, ALO; SiO,, SiC, Si;N,)
previously used to design radiative coolers have phonon
resonances in the mid-IR, resulting in reduced contrast in the
optical response of our device below and above the phase
transition temperature. In the following we fix TXSZ =17 °C,
consistent with phase-transition temperatures reported in refs
50—52 for 30 nm thick VO, thin films on TiO,. Such Tpo?
results in operating conditions within the typical ambient
temperature variations occurring in Los Alamos, New Mexico.

We will assume that the heating and cooling lags associated
with VO, hysteresis occur at close temperatures, and therefore
our main conclusions remain unaffected. In the Supporting
Information we discuss how material hysteresis may modify the
thermostat’s equilibrium temperature shown in Figure 2. As
the insulator-to-metal phase transition of VO, occurs on a time
scale of a few tens of femtoseconds,”” we can consider that the
system reacts instantaneously to ambient temperature
variations that occur at much longer time scales.

In Figure 3b—e we show the optical response of our
photonic thermostat as a function of different parameters. The
absorptivity (=emissivity by Kirchhoff's law) was calculated
using the transfer matrix method with a = 1 — r, where r is the
multilayer’s reflectivity for unpolarized radiation. The temper-
ature-dependent refractive index of VO, was modeled via the
Bruggeman effective medium theory for metallic puddles
(filling factor f) embedded in a dielectric host*”*°™% (see
Supporting Information), while optical data for the other
materials were taken from refs 59—62. Let us first discuss the
emission properties of the thermostat in the mid-IR. Figure 3b
shows the absorptivity and emissivity at the normal direction
for VO, in its dielectric (red) and metallic (blue) phases.
When VO, is in the purely dielectric phase (f = 0) a strong
impedance mismatch at the air-multilayer interface results in
decreased absorptivity in the 8 um < A4 < 13 um range. The
emissivity increases near the edge of the first atmospheric
transparency window due to enhanced absorption in the TiO,
film, and two peaks emerge at ~17 and ~20 um near the
phonon modes of VO,.**° When the VO, thin films are in the
purely metallic phase (f = 1) they form a good quality mid-IR
Fabry-Pérot cavity with the fundamental mode resonating at 1
~ 10 pm, which leads to near unity emissivity at this
wavelength. Note that an additional cooling channel is possible
in our system due to the nonzero emission in the atmospheric
transparency window between 20 ym < A < 25 um. Figure
3c,d depict the system’s emissivity dependence over the
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Figure 4. Photonic phase-change thermostat performance. (a) Net cooling and heating power of our designed thermostat as a function of
temperature on June 23, 2017 (hot day, solid curve) and on December 6, 2017 (cold day, dashed line) in Los Alamos, New Mexico. The vertical
dashed lines on the right and left show the respective ambient temperatures at midday, used during the calculations. The black dots indicate the
corresponding equilibrium temperatures of the thermostat ngl““(t =12 h), indicating a 6 °C cooling (11 °C heating) with respect to the hot (cold)
midday ambient temperature. The time-dependent equilibrium temperature of our optimized radiative thermostat (black) for these same days is
depicted in (b) and (c) along with the corresponding ambient temperature (green). For comparison, we also show the results for the idealized
emitter (blue) and absorber (red) described in Figure 1. In all the plots the purplish bands (ATpc = 6 °C) correspond to the region around the
phase transition temperature (Tpc = 17 °C) where ~90% of the phase-change takes place.

direction of emission, demonstrating a strong robustness
against variations with 6. Figure 3e shows polar plots of the
average emissivity in the first transparency window and
highlights the quasi-omnidirectional emissivity of the system
at various representative stages of the phase transition. At
visible and near-IR wavelengths the absorption in the system
takes place in the VO, thin films, and a small difference can be
noticed between the dielectric and metallic phases as a
consequence of the weak effect of the phase transition of VO,
at short wavelengths. The solar spectrum weighted average
absorptivity of the system at normal incidence is ~15% for the
dielectric phase and ~6% for the metallic phase, which is
sufficient to empower our radiative thermostat with the desired
properties to perform passive temperature regulation.

In Figure 4 we discuss the performance of our designed
passive radiative thermostat under real conditions for
operation in winter and summer in Los Alamos. Measured
subhourly time-dipendent ambient temperature and solar
irradiation data®>®* for two different days with clear sky were
used in order to characterize the time-evolution of the
equilibrium temperature of the system during both day- and
night-time. Figure 4a shows the net exchanged power as a
function of the thermostat temperature for the cold (dashed
curve) and hot (solid curve) days at noon. Unlike the abrupt
behavior seen in Figure 2a for the toy model, here both P, (T)
curves feature a smooth transitioning from heating (P,.(T) <
0) to cooling (P,.(T) > 0) as the temperature crosses the
insulator-to-metal phase transition region for realistic VO, (see
Supporting Information). The day-time equilibrium temper-
ature is slighted shifted with respect to T}/g * and thermalization
occurs within the range ATpc = (17 = 3) °C, where most of
the phase transition takes place. Our passive radiative
thermostat provides a remarkable high cooling power (per
area) ~ 100 W/m? at temperatures above ng * during the hot
day, and a comparable heating power below the phase
transition in the cold day. This results in an equilibrium
temperature 6 °C below (11 °C above) midday ambient
temperature in summer (winter). Figures 4b,c show the steady
state temperature of the thermostat as the environment
conditions change. Note that we get a moderation effect on
the equilibrium temperature, which remais approximately
locked at ~20 °C (~1S5 °C) around noon, regardless of
variations in the ambient temperature during the hot (cold)
day. In both cases, daytime thermalization occurs at temper-
atures much more comfortable than the undesirable extreme
cases achievable by regular radiative absorbers (red) and

emitters (blue). In contrast to the idealized case, at night-time
we get a net cooling effect arising from the nonzero emissivity
in the atmospheric transparency windows even when VO, is in
its dielectric phase; however, the thermostat’s temperature is
still above the one achieved with the plain radiative emitter
(blue curves). Finally, we comment that locations with distinct
variation ranges of the ambient temperature will require
different designs of the passive radiative thermostat, with the
appropriate phase transition set point constrained by the
environment’s yearlong thermal swings. Given the high
tunability of ngz achieved via various approaches,*' ™% it
should be straightforward to design a thermostat to operate
under climate conditions different from those in Los Alamos.
Provided that Tpo' is properly set for a given location,
however, all conclusions above should hold.

In summary, we investigated passive radiative thermostats
based on phase-change materials for near room temperature
thermal moderation. Such devices moderate temperature
swings with respect to plain emitters or absorbers, resulting
in both night- and daytime cooling in hot days at a preset
phase transition temperature, and realizing day-time heating in
cold days. We proposed a VO,-based nanophotonic thermostat
multilayer design that, at temperatures below the phase
transition, heats up by absorbing solar radiation, while at
temperatures above the phase transition it cools down by
emitting electromagnetic energy to outer space through the
atmospheric transparency windows. Additional improvements
in the absorptivity and emissivity properties of the thermostat
could be achieved through the introduction of metasurfaces to
tailor material resonances at the visible and mid-infrared
wavelengths. A possible criteria to quantify the performance of
a given thermostat design is to take the time-average of the
absolute value of the difference between the equilibrium and
set point temperatures normalized to the thermochromic
material typical phase transition band. The smaller the value of
this figure of merit the better is the thermostat performance.
The passive thermal moderation mechanism could be used to
reduce the impact of material stresses on structures such as
bridges undergoing thermal cycles. In addition, given that
about 32% (33%) from the total energy consumed in
residential (commercial) buildings is used for space heating
and 9% (7%) for cooling,65 our passive radiative thermostat
concept has the potential to largely increase energy savings
worldwide.
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