DE GRUYTER

Nanophotonics 2023; aop a

Research Article

Minyeol Bae, Do Hyeon Kim, Sun-Kyung Kim* and Young Min Song*
Transparent energy-saving windows based

on broadband directional thermal emission

https://doi.org/10.1515/nanoph-2023-0580
Received September 8, 2023; accepted December 9, 2023;
published online January 9, 2024

Abstract: Passive radiative cooling has emerged as a sus-
tainable energy-saving solution, characterized by its energy-
free operation and absence of carbon emissions. Con-
ventional radiative coolers are designed with a skyward
orientation, allowing for efficient heat dissipation to the
cold heat sink. However, this design feature presents chal-
lenges when installed on vertical surfaces, as nearby objects
obstruct heat release by blocking the cooler’s skyward
view. Here, we introduce a directional radiative cooling
glass (DRCG) designed to facilitate efficient heat dissipa-
tion through angular selective emission. The DRCG is con-
structed as a multilayer structure incorporating epsilon-
near-zero materials, specifically Si;N, and Al,0s, layered
on an indium-tin-oxide thermal reflector. This innova-
tive design restricts thermal emission to specific angular
ranges, known as the Berreman mode. Additionally, the
transparent layers enable a visible transmittance exceed-
ing 84 %. Theoretical simulations validate the enhanced
cooling performance of the DRCG, exhibiting a tempera-
ture reduction of over 1.5 °C compared with conventional
glass in hot urban environments characterized by a nearby
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object temperature exceeding 60 °C and a sky view fac-
tor of 0.25. Furthermore, outdoor experiments demonstrate
that employing the DRCG as a window enhances space-
cooling performance by ~1.5 °C. These findings underscore
the potential of transparent energy-saving windows in mit-
igating the urban heat island effect.

Keywords: directional emission; radiative cooling; Berre-
man mode; thermal management; epsilon-near-zero

1 Introduction

Addressing global climate change and environmental
issues, including air pollution and ozone depletion, requires
a worldwide reduction in energy consumption and CO,
emissions. In this context, energy-efficient cooling technol-
ogy has gained prominence, as traditional cooling systems
account for ~20 % of global energy consumption and con-
tribute to the depletion of fossil fuels [1]. Passive radiative
cooling has emerged as a promising strategy due to its
energy-free and zero-carbon emission characteristics[2—11].
Such a strategy requires high emissivity within the long-
wave infrared (LWIR) atmospheric window, allowing pas-
sive heat dissipation into the cold outer space. This inno-
vative approach has opened up research opportunities in
various domains, including solar cells [12], [13], fluids [14],
electronic devices [15], [16], vehicles [17], [18], and build-
ings [19], [20]. Most passive radiative coolers are designed
with a skyward orientation to enhance the heat dissipation
to the cold heat sink. However, this design characteristic
presents challenges when applied to vertical surfaces, such
as windows and building exteriors. The presence of nearby
objects, including trees, pedestrians, and other buildings,
obstructs the skyward view of wall-mounted coolers, imped-
ing heat release into the cold outer space. Additionally, these
neighboring objects emit heat that is undesirably absorbed
by the coolers. Consequently, installing conventional cool-
ers on walls becomes a challenge for efficient heat dissi-
pation, particularly in densely populated areas (e.g., urban
areas).

Alternatively, directional thermal emitters, which
restrict thermal emission to specific angular ranges, offer a
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solution to circumvent heat exchange with nearby obstacles
when mounted on walls. Numerous studies on directional
thermal emitters have introduced various structures,
including surface plasmon polariton-based gratings
[21-24], metamaterials [25], and metasurfaces that support
the Brewster angle [26]. However, these approaches often
entail complex fabrication processes [27]. In contrast, recent
research has employed epsilon-near-zero (ENZ) materials
on a reflector to achieve directional thermal emissions
based on a Berreman mode that exhibits strong absorption
at a specific incident angle for p-polarized light [28]-[30].
The ENZ materials (e.g., SiO,, SisN,, Al,05, and TiO,)
intrinsically possess narrowband characteristics within
the LWIR region (i.e., 8—13 pm), resulting in narrowband
directional emission. To achieve broadband directional
emission, researchers have introduced multilayered ENZ
materials that generate broadband Berreman modes [28],
[29]. These configurations exhibit gradient ENZ behavior
at different wavelengths, enabling broadband directional
emission [28]. Despite progress in developing broadband
directional thermal emission, previous studies lacked
a comprehensive theoretical model for analyzing the
cooling performance of these emitters when installed on
vertical surfaces. Furthermore, the employment of metal
mirrors (e.g., Au and Al) on ENZ layers [28], [29] results in
opaque to visible light, making them unsuitable for window
applications and limiting their practical utility.

Here, we introduce a directional radiative cooling glass
(DRCG) that exhibits broadband directional thermal emis-
sion and visible transparency. The DRCG consists of double-
layered ENZ materials comprising Si;N, and Al,O; on an
ITO-coated glass. Notably, the ITO-coated glass serves as a
thermal reflector owing to its high reflectance (~93 %) in
the LWIR region. Si;N, and Al, 05 possess distinct ENZ wave-
lengths, specifically 8.8 and 10.7 pm, respectively, within the
LWIR range. Thus, the combination of ENZ layers and ITO
supports broadband Berreman modes, facilitating broad-
band directional thermal emission. Moreover, the transpar-
ent layers (i.e., Si;N,, Al,0,, and ITO) ensure a high level of
visible transparency (~84 %), rendering it suitable for use
in windows. To validate the DRCG’s cooling performance,
we have developed a comprehensive theoretical model that
considers the presence of nearby objects surrounding the
wall-mounted cooler. Our theoretical simulations clearly
demonstrate the superior cooling performance of the DRCG,
with a temperature reduction exceeding 1.5 °C compared
with conventional glass (C-glass) in hot urban environ-
ments. These environments are characterized by elevated
temperatures of nearby objects exceeding 60 °C and typical
urban building configurations featuring a sky view factor
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of approximately 0.25 [31]. Furthermore, outdoor experi-
ments demonstrate that employing the DRCG as a window
enhances the space cooling performance by approximately
1.5°C when compared with C-glass. This underscores the
potential of our proposed DRCG as an energy-saving win-
dow capable of mitigating the urban heat island effect by
minimizing heat exchange with adjacent obstacles.

2 Results and discussions

2.1 DRCG for energy-saving window

Figure 1A illustrates the heat exchange process between the
C-glass window and its surrounding obstacles, including
neighboring objects and the ground. The C-glass exhibits
strong Lambertian emission in the thermal spectrum, facil-
itating substantial thermal radiation into its surroundings.
However, the presence of nearby obstacles blocks the heat
dissipation from the C-glass, and these neighboring objects
also emit a significant amount of heat toward the C-glass.
This mutual heat exchange process leads to heat being
trapped between the C-glass and neighboring obstacles,
increasing temperature. In contrast, the DRCG minimizes
heat absorption from neighboring objects due to its lateral
thermal emission, as depicted in Figure 1B. This directional-
ity reduces heat gain from adjacent obstacles while ensur-
ing efficient heat dissipation toward the skyward direction.
Consequently, the DRCG window maintains a lower tem-
perature than the C-glass window by preventing heat gain
from nearby objects. This effect is particularly pronounced
in densely populated scenarios, such as urban areas, where
neighboring objects block a significant portion of the radi-
ation from the window. Therefore, the DRCG holds the
potential to serve as an energy-saving window capable of
mitigating the urban heat island effect by minimizing heat
exchange with neighboring objects.

When neighboring objects face the glass window on
the wall, the glass predominantly absorbs heat from these
adjacent obstacles at low incident angles (<60°) where the
neighboring objects are mostly located. Thus, a high thermal
emissivity of the glass at this ranges (<60°) causes substan-
tial heat absorption from nearby objects, resulting in heat-
ing (Figure S1). The C-glass exhibits strong Lambertian emis-
sion in the LWIR range and high transmittance (~90 %) in
the visible region, as demonstrated in Figures 1C and S2. The
high emissivity of the C-glass at low incident angles (<60°)
contributes to the entrapment of heat between neighboring
objects and the glass itself. In contrast, the DRCG avoids heat
exchange with neighboring objects owing to its directional
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Figure 1: DRCG for energy-saving window. (A, B) Schematic of the heat-exchanging process between the surrounding objects (i.e., neighboring
objects and ground) and glass windows for (A) conventional glass (C-glass) and (B) the directional radiative cooling glass (DRCG). (C, D) Visible and

thermal optical properties of the (C) C-glass and (D) ideal DRCG.

emissivity that is limited to high incident angles (>60°),
lowering window temperature. An ideal DRCG exhibits pro-
nounced directionality in the thermal region while main-
taining prominent transmittance in the visible range, as
observed in Figure 1D. The ideal DRCG’s structure com-
prises ideal broadband ENZ, ITO, and soda lime glass layers.
Including an ideal broadband ENZ material that covers the
entire LWIR region while preserving visible transparency
sets an upper limit for the DRCG’s cooling performance. The
ITO layer serves as a visibly transparent and mid-infrared
(MIR) mirror, with significant transmittance (~84 %) in the
visible region and MIR reflectance (~93 %), as depicted
in Figure S3. The ideal broadband ENZ layer on the MIR
mirror (i.e., ITO) generates prominent directional emission
across the entire LWIR region for p-polarized light based on
broadband Berreman modes. Thus, the DRCG achieves high
visible transparency (>84 %, see Figure 3B) and broadband
directional emission in the LWIR region, suitable for energy-
saving window applications. The refractive indices of the
soda lime glass and ideal broadband ENZ material appear
in Figure S4.

2.2 Design rules of the DRCG

Figure 2A presents a structure of our DRCG with the ENZ
wavelengths of ENZ materials. The DRCG comprises a dou-
ble layer of ENZ materials (i.e., Si;N, and Al,0,) and a MIR
reflector (i.e., ITO) on a soda lime glass substrate. The optical
constants of Al, 04, Si;N,, and ITO, obtained from previously
published research [32-34], are shown in Figure S5. Si;N,

and Al,0, possess ENZ wavelengths of 8.8 and 10.7 um,
respectively. Both ENZ wavelengths fall within the LWIR
range, exhibiting a distinct difference between them. The
combination of these materials collectively covers a signif-
icant portion of the LWIR region. Consequently, the double
layer of ENZ materials on top of the ITO layer enables the
DRCG to achieve broadband directional thermal emission,
owing to the Berreman mode of each layer [28].

When considering a single layer of ENZ material on
a mirror, the thickness of ENZ layer that maximizes emis-
sivity at a specific incident angle, known as the Berreman
thickness, can be determined using the generalized Fresnel

-1

equation [35]:
(m{ ) e

where 4 is the ENZ wavelength, ¢ is the permittivity of the
ENZ material, and @ is the incident angle. The calculated
Berreman thickness of Si;N, and Al,0; as a function of
incident angles are presented in Figure 2B. As appears in
Equation (1), the calculated Berreman thickness decreases
with elevating the incident angle. Consequently, the con-
trol of ENZ film thickness enables the regulation of emis-
sivity peak angles. Figure 2C illustrates the average emis-
sivity across the LWIR range in p-polarization for three
different structures that incorporate double-layered ENZ
materials with varying thicknesses. These structures exhibit
directional thermal emission with distinct emissivity peak
angles at 53°, 62°, and 75°, respectively, arranged in order
of decreasing total thickness. Notably, all three structures
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Figure 2: Design rules of the DRCG. (A) Structure of the DRCG (left) and permittivity of the materials (right). Dashed lines indicate the ENZ wavelength
of the materials. (B) Calculated Berreman thickness of Al,0; and Si;N,. (C) Calculated average emissivity over the LWIR range of three structures with
different thicknesses as a function of the incident angles in p-polarization. The dashed lines indicate the peak angles of each structure. (D) Simulated
temperature difference between the three structures and the C-glass with different neighboring object temperatures (T,,,) and sky view factors (SVFs).

feature emissivity peaks near 8.8 and 10.7 pm, correspond-
ing to the ENZ wavelengths of Si;N, and Al,O,, respectively
(as depicted in Figure S6). This result confirms that our
designed DRCGs represent broadband directional emission,
covering a substantial portion of the LWIR spectrum owing
to the Berreman mode of each layer. Increasing the total
layer thickness above these structures induces transverse
optical phonon polariton (TO) resonance, resulting in non-
directional thermal emission [29].

Figure 2D presents the calculated cooling tempera-
ture differences between three distinct structures and the
C-glass, with respect to varying neighboring object tem-
peratures and sky view factors (SVFs). The SVF quantifies
the fraction of the visible sky for the object [36]. To deter-
mine the SVF, we utilized the equation established in prior
research, as follows [37]:

1

SVF = —;
T

5 | cos(6)dsS, 2

Sy

where R is the radius of a hemisphere, Sy, is the hemispheric
section of the visible sky, and @ is the zenith angle. The
SVF was determined at the central point of the glass, with
a ground temperature assumed to be 30 °C. Further details
regarding the methodology used for calculating cooling per-
formance can be found in Section 2.4.

In Figure 2D, the blue regions indicate conditions
where the DRCG exhibits lower temperatures than the C-
glass, while the red areas represent the opposite scenario,
where the DRCG exhibits higher temperatures. The dashed
lines mark situations where the DRCGs and C-glass are the

same temperature, denoted as Tpreg = Tcglass- IN SCENArios
where neighboring obstacles surround the wall-mounted
glass, two primary factors influence cooling performance:
(1) the radiation power of the glass and (2) heat absorption
from neighboring objects. A higher building density tends
to reduce the SVF because of neighboring obstacles, such
as other buildings. Thus, low SVF indicates the obstructed
window’s view of the sky, impeding the heat dissipation
from the glass. Conversely, elevated SVFs (>0.47) result in
an expanded sky view for the cooler, reducing the heat sup-
Pply from obstacles to the coolers. When neighboring object
temperatures are below 50 °C, the heat emission from these
objects to the glass is relatively minor, as this temperature
range is closer to the ambient temperature. Consequently, in
such scenarios, the radiation power of the emitter becomes
more significant than absorption from neighboring objects.
The radiation power is directly proportional to the total
thickness of the structures, with thicker structures increas-
ing the total emissivity. Thus, the thickest DRCG exhibits the
best cooling performance at low neighboring object tem-
peratures (<50 °C) and high SVFs (>0.47). In contrast, at
elevated neighboring object temperatures (>50 °C) and low
SVFs (<0.47), a substantial thermal emission from neigh-
boring objects reaches the glass through a broad angle.
In such cases, a low emissivity at low incident angles is
essential to prevent undesired heat absorption from the sur-
roundings. Consequently, the thinnest DRCG design demon-
strates enhanced cooling performance at elevated neigh-
boring object temperatures of >60 °C and SVFs of <0.47.
Considering the high building density observed in urban
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areas (SVF = ~0.25), the thinnest DRCG structure proves
to be optimal for urban regions during hot summer days
(T, > 60°C).

2.3 Optical measurements of the fabricated
DRCG

As appears in Figure 3A, a scanning electron microscopy
(SEM) image shows the fabricated DRCG. The ENZ mate-
rials of Al,0; and Si;N, are deposited on a commercial
ITO-coated glass (i.e., ITO coated on soda lime glass) with
the desired thickness. Detailed information regarding the
fabrication process can be found in the Methods section. The
fabricated DRCG exhibits high transmittance (~84 %) in the
visible region, as depicted in Figure 3B. This is attributed
to the use of transparent materials, including Al,O,, SisN,,
and ITO-coated glass. However, the commercial ITO-coated
glass, optimized for electronic devices, exhibits a slight
solar absorption (~6 %), leading to a lower visible trans-
mittance compared with the C-glass (~90 %). The transmit-
tance enhancement can be achieved through control of the
deposition conditions and thickness, potentially improving
the visible transmittance of the ITO to ~92 % [38]. There-
fore, reducing ITO thickness can enhance the visible trans-
mittance compared with commercial ITO glass, making it
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suitable for window applications. Furthermore, by incorpo-
rating a near-infrared (NIR)-reflective structure, such as the
insulator-metal-insulator layer, we can effectively reduce
the NIR transmittance of the DRCG from 30 % to 20 % while
minimizing the visible transmittance loss (76 %), as shown
in Figure S7. Incorporating a NIR-reflective structure fur-
ther improves the cooling performance in real-world sce-
narios by blocking the solar radiation.

To validate the directional characteristics of our fabri-
cated DRCG, the emissivity spectrum was measured under
unpolarized light, as shown in Figure 3C. The fabricated
DRCG exhibits emissivity peaks around 8.8 and 10.7 um,
corresponding to the ENZ wavelengths of Si;N, and Al,Os,
respectively. The dashed line in Figure 3C represents an
emissivity of 20 % in unpolarized light, highlighting that the
elevated emissivity (>20 %) range is predominantly located
athigh incident angles within the LWIR range. This observa-
tion indicates the broadband directional thermal emission
features of the fabricated DRCG. The measured emissivity at
different incident angles closely aligns with the simulated
results, as depicted in Figure 3D. Within the angular range
from 60° to 70°, the average emissivity of the fabricated
DRCG exceeds 25 %, while it remains at only ~11 % at 0°.
Since the multilayer structure featuring two ENZ materials
cannot cover the entire LWIR region, the average emissivity

25

40

70

Figure 3: Optical measurements of the fabricated DRCG. (A) SEM image of a fabricated DRCG. (B) Measured and simulated transmittance/reflectance
over the vis—NIR region of the fabricated DRCG. (C) Variation in the measured emissivity spectrum of the fabricated DRCG with incident angles under
unpolarized conditions. (D) Variation in the measured and simulated average emissivity across the LWIR range of the fabricated DRCG with the
incident angles under unpolarized conditions. (E) Photograph of the fabricated DRCG (top) and thermal images at different incident angles of the

fabricated DRCG.
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at high incident angles (>60°) of the fabricated DRCG is less
than that of the ideal scenario (i.e., 50 %). Despite this lower
emissivity, the simulation results demonstrate that the aver-
age emissivity of 25 % enables lowering the temperature
than ambient temperature (Figure S8). The incorporation of
a dielectric gap, such as ZnSe, that generates a Fabry—Pérot
resonance can enhance the average emissivity closer to the
near-ideal scenario [29], while maintaining visible trans-
mittance of ~70 %, as demonstrated in Figure S9. With the
addition of the dielectric gap, the calculated cooling temper-
ature increases by 20 % compared with the original DRCG
at a neighboring object temperature of 60 °C and an SVF
of 0.45.

Figure 3E presents optical and thermal images of the
fabricated DRCG. Although the fabricated DRCG exhibits a
bright yellow color due to the slight absorption of the visible
spectrum by the ITO, underlying patterns are discernible
due to the high transmittance of the fabricated DRCG. The
fabricated DRCG was heated to 60 °C by a hot plate, and its
thermal radiation was captured at various incident angles
(i.e.,10,25,40,55,and 70°) using a thermal camera. The direc-
tional thermal emission of the fabricated DRCG enlarges the
amount of thermal radiation with the increment of incident
angles. Consequently, the apparent temperatures of the fab-
ricated DRCG, as seen in the thermal images, rise accord-
ing to the increasing incident angles. These thermal images
effectively demonstrate the directional thermal emission
property of our fabricated DRCG.

2.4 Theoretical surface cooling performance
of the DRCG and C-glass

Figure 4A illustrates the heat exchange process between
a neighboring object and the glass. Heat transfer from
the neighboring object to the glass predominantly tran-
spires through two distinct paths: direct thermal emission
(path 1) and reflection from the ground surface (path 2).
These processes result in the heat absorption by the glass.
Conversely, the glass dissipates heat through two different
paths: direct emission into the atmosphere (path 3) and
emission after reflection off the ground (path 4). These
emissions contribute to heat dissipation. For the sake of
simplicity, we did not account for other optical pathways.
We employed a modified thermal equilibrium equation
to assess the cooling performance of both the DRCG and
the C-glass while considering the presence of neighboring
objects:

Prad (Tsample) - PSun - Pamh - Pnb - Pground

+ Pron—raa =0, 3)
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where Ppoq(Tgympe) is the radiative power per unit area of
the sample, P, is the solar power per unit area, P, is
the absorbed power per unit area from ambient air, P
is the absorbed power per unit area from the neighboring
objects, Pygqynq is the absorbed power from the ground, and
P onraq 1S the non-radiative heat exchange power per unit
area (e.g., conduction and convection). Pypy,, Pry, and Pyryng
are obtained by considering the angular emissivity of the
sample, ambient air, neighboring objects, and ground. In
our calculations, we intentionally excluded the solar power
term (i.e., Py, = 0) to primarily assess the influence of direc-
tional thermal emission on cooling performance (Figure 4).
Consequently, all outdoor experiments, depicted in Figure 5,
were conducted under shaded conditions to eliminate solar
illuminations. Our specific focus was on the side of the
glass that directly faces the neighboring object in the sim-
ulation. Additional details regarding the calculation condi-
tions can be found in the Methods section and observed in
Figures S10 and 11.

Figure 4B illustrates the computed cooling perfor-
mance of both the DRCG and C-glass as we varied the tem-
peratures of neighboring objects. The glass and neighbor-
ing object heights were fixed at 50 m, corresponding to the
height of a 20th-floor apartment [39]. The distance between
the glass and the neighboring object was set at 25 m to simu-
late urban conditions, aligning with the regulated minimum
spacing for 20th-floor apartments in Korea [40]. In this con-
figuration, the SVF is 0.25. We employed a cylindrical-shaped
neighboring object to represent equal distances between the
glass and neighboring objects along horizontal directions.
A thermal ground albedo of 90 % was applied to primarily
investigate the influence of neighboring objects on cooling
performance by excluding ground emission.

As demonstrated in Figure 4B, when the neighboring
object temperature is lower than 50 °C, the C-glass outper-
forms the DRCG. This outcome arises because, given the
proximity of the neighboring object temperature to the
ambient temperature, the heat absorption from neighbor-
ing objects (via paths 1 and 2) is relatively minor com-
pared with the heat dissipation from the glass to the outer
space (via paths 3 and 4). In such circumstances, the C-glass
exhibits superior cooling performance due to its higher total
emissivity compared with the DRCG, enabling greater heat
dissipation. Conversely, when beginning with a neighboring
object temperature of 60 °C, the DRCG demonstrates bet-
ter cooling performance (>1.5 °C) than the C-glass. This is
because the C-glass absorbs a substantial amount of heat
from neighboring objects, owing to its high emissivity at
low incident angles, especially in the vicinity of neighboring
objects (<60°). In contrast, the DRCG effectively prevents
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Figure 4: Theoretical surface cooling performance of the DRCG and C-glass. (A) Schematic of the heat exchange process between neighboring objects
and the glass with four different thermal radiation paths. (B, C) Calculated cooling temperature of the DRCG and C-glass as a function of the (B)
neighboring object temperature and (C) sky-view factor (SVF). (D) Simulated surface temperature difference between the DRCG and C-glass as

a function of the neighboring object temperatures (7,,,) and thermal ground albedo (Ry;ounq)- (E) Simulated temperature difference between the DRCG
and C-glass with different ground temperatures (T,,,4) and thermal ground albedo.

heat gain from nearby objects, benefiting from its low emis-
sivity atlow incident angles (<60°). This result suggests that
the DRCG exhibits enhanced cooling capability on hotter
days compared with the C-glass, particularly since the tem-
perature of the building wall exceeds 60 °C under direct
sunlight [41], [42].

Furthermore, we conducted an analysis of the cool-
ing performance of both the DRCG and the C-glass under
varying SVF conditions, as depicted in Figure 4C. A low SVF
signifies that the neighboring object substantially obstructs
the cooler’s view of the sky, implying a high building den-
sity area. Hence, as the SVF decreases, heat absorption
from nearby objects intensifies, while heat emission to the
sky becomes impeded, exacerbating the urban heat island
effect. Under conditions of high SVF (>0.47), the C-glass
outperforms the DRCG in terms of cooling performance.
The expanded field of view of the C-glass towards the
sky facilitates more effective heat dissipation, owing to its
higher total emissivity compared to the DRCG. Conversely,
when the SVF decreases (<0.47), the DRCG surpasses the
C-glass in cooling performance. The limited field of view of

the cooler, coupled with substantial heat absorption from
nearby objects, obstructs the heat dissipation of the C-glass.
In contrast, the DRCG avoids heat absorption from neigh-
boring objects and efficiently releases heat to the sky. To
compare the SVF values with practical SVE, we calculated the
SVF of the ground in our simulation conditions (Figure S12).
After the recalibration, the window SVF of 0.47 is converted
to the ground SVF of 0.90, which is higher than the SVF of
cities, varying between 0.23 and 0.84 [43]. Consequently, in
most urban areas, employing the DRCG as a window would
contribute to energy savings for cooling compared to the
C-glass.

Furthermore, we considered the influence of neigh-
boring objects and the ground while varying the temper-
atures of the surroundings, including neighboring objects
and the ground, as well as the thermal ground albedo (see
Figure 4D and E). In these figures, the blue region signifies
conditions where the DRCG exhibits superior cooling per-
formance to the C-glass, while the yellow area represents
the opposite scenario. To account for practical situations,
we set the ground and neighboring object temperatures to
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Figure 5: Surface and enclosure cooling measurements of the DRCG and C-glass. (A) Schematic and photograph of the surface cooling measurement
setup. (B, C) Experimental result of surface temperatures of the DRCG and C-glass under conditions of varying (B) neighboring object temperatures
and (C) SVFs. (D) Illustration and optical image of the enclosure cooling measurement setup. (E, F) Experiment result of the enclosure temperature of
DRCG and the C-glass under the conditions of (E) different neighboring object temperature and (F) different SVFs.

50 °C since they can exceed this temperature in hot weather
[41], [44]. As shown in Figure 4D, DRCG demonstrates bet-
ter cooling performance at higher neighboring object tem-
peratures (>40 °C). In addition to neighboring objects, the
ground also emits heat towards the glass, thereby imped-
ing cooling. The thermal ground albedo obstructs ground
emissions while increasing thermal radiation from neigh-
boring objects along path 2. However, at low neighboring
temperatures (<50 °C), the total heat flux from the ground
(via ground-cooler path) exceeds that from the neighboring
object (via neighboring object-ground-cooler path), leading
to increased heat emission to the glass with decreasing
ground albedo. Furthermore, the C-glass absorbs more sub-
stantial heat gain from the ground compared to the DRCG,
primarily due to its higher total emissivity, which results
in increased heat absorption. Consequently, as thermal
albedo decreases at the same neighboring object tempera-
ture, the DRCG outperforms the C-glass in terms of cooling

temperature. Furthermore, commencing from the tempera-
ture indicated by the dashed line in Figure 4E, as the ground
temperature increases, the DRCG demonstrates superior
cooling performance to the C-glass due to its lower emis-
sivity at low incident angles. Considering practical condi-
tions, such as high neighboring object and ground tem-
peratures (>50 °C) on sunny days, the calculated results
suggest that the DRCG would exhibit better cooling per-
formance than the C-glass under the typical thermal
ground albedo below 30 % [45]. Therefore, DRCG affords
improved cooling performance than the C-glass in the city
region in hot summer days. Similar to the DRCG, the low-
emissivity (Low-E) glass also inhibits heat from the sur-
roundings due to its low emissivity across whole inci-
dent angles. However, it falls short of outperforming the
DRCG in terms of cooling efficiency at practical ground
temperatures (Tg,nq < 70 °C) [46], attributed to its lim-
ited heat dissipation capacity (Figure S13). In addition, the
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silver layer in the low-E glass leads to a loss in visible
transmittance, resulting in a lower visible transmittance
of 76 % compared to our DRCG (84 %) (Figure S13). These
findings highlight the enhanced applicability of the DRCG as
an energy-saving window compared to the low-E glass.

2.5 Surface and enclosure cooling
measurements of the DRCG and C-glass

Figure 5A illustrates both the schematic and photograph of
the surface cooling measurement setup. To mimic building
exteriors with high emissivity (>85 %) [47], we employed
heaters covered in black material. This black material
serves as a source of blackbody radiation from the exterior
wall while the heater controls the wall temperature. Addi-
tionally, we applied Aluminum tape to the table to prevent
ground emissions, allowing us to primarily investigate the
influence of neighboring objects on cooling performance.
We measured the surface temperature of two different types
of glass (i.e., DRCG and C-glass) under various heater temper-
atures (Figure 5B). To compare the cooling performance of
these two glasses, we calculated the temperature difference
between the C-glass and the DRCG (AT = Tgass — Tprec)-
When the heater temperature is approximately 30 °C, the
temperature of the C-glass is slightly lower than that of
the fabricated DRCG (AT = ~0.2 °C), primarily due to the
relatively minor impact of neighboring objects. However, as
the heater temperature surpasses 49 °C, the temperature of
the fabricated DRCG becomes lower than that of the C-glass
(AT > 0.5 °C) because the heated neighboring objects begin
to affect the glasses, consistent with the calculated results
shown in Figure 4B. Figure 5C presents the measurement
of surface cooling temperatures corresponding to differ-
ent SVFs. Figure 5C presents the measurement of surface
cooling temperatures corresponding to different SVFs. In
certain instances, such as rooftop solar panels and dark-
colored bricks, the neighboring object temperatures can
soar beyond 80 °C when exposed to direct solar radiation
[48], [49]. To evaluate the DRCG’s cooling capabilities under
such intense conditions, we monitored the temperature of
the surface and enclosures while elevating the heater’s tem-
perature approximately by 90 °C. At a low SVF (~0.18), our
fabricated DRCG exhibits a lower temperature than the C-
glass (AT = ~2.3 °C) because our DRCG effectively prevents
thermal absorption from the heater. As the SVF increases, a
reduction in heat flux from the heater is observed, result-
ing in a smaller temperature difference between the two
glasses, as shown in the calculated results. The absolute
values of cooling temperatures slightly differ from those in
Figure 4. This difference can be attributed to measurement
factors, such as the planar shape of the heater and the
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variability in the non-radiative heat exchange coefficient
(h,). Nevertheless, the measured results confirm the supe-
rior cooling performance of the DRCG in hot and densely
populated conditions.

Figure 5D presents the schematic and photograph of the
enclosure temperature measurement setup. In our setup,
both the DRCG and C-glass samples were installed as win-
dows in a miniature house. We covered the house with
foam to minimize conduction effects during the measure-
ment. The bottom black material of the house simulates
furniture (e.g., a leather sofa and the floor). We measured
the temperature of this bottom black material as the inside
temperature. At a low heater temperature of ~37 °C, rep-
resenting the neighboring object, a slight temperature dif-
ference within the enclosures (AT = ~0.3°C) between
the DRCG and the C-glass was observed (Figure 5E). How-
ever, as the heater temperature exceeded 63 °C, the DRCG
exhibited improved cooling performance relative to the C-
glass (AT > 0.7 °C). Since the energy usage increases by
~10 % to lower the inner temperature by 1°C [50], [51],
these results demonstrate that employing the DRCG as a
window can sufficiently contribute to energy savings for
cooling compared to the C-glass. Like the trend observed
in Figure 5C, the inner temperature difference hetween
the DRCG and C-glass increased as the SVF decreased
(Figure 5F). At an SVF value of 0.31, the DRCG demon-
strated superior space cooling performance compared
with the C-glass (~1.5°C). As the SVF increased beyond
0.43, this temperature difference decreased (AT < 1°C).
The use of soda lime glass as a substrate for the DRCG
enables heat absorption from the inner space, while the
emission from the top side facilitates the transfer of heat
to the cold heat sink [17], [18]. This combination allows for
efficient heat dissipation within the enclosure, in addition to
the surface. These results confirm that our fabricated DRCG,
when used as a window in densely built urban areas, has
the potential to effectively reduce enclosure temperatures
on hot summer days typically characterized by low SVF and
elevated neighboring object temperatures.

For a realistic assessment of cooling performance, it is
essential to include the effects of solar irradiation in both
our simulations and outdoor measurements. Therefore, we
incorporated solar irradiation (i.e., Py, > 0) in both simu-
lation and measurements. Additional details regarding the
Pg,, appear in the Methods section. The simulation results
demonstrate that the DRCG consistently provides superior
cooling performance compared to the C-glass even under
sunlight in hot summer (T, > 60 °C) and in densely pop-
ulated urban (SVF < 0.36) conditions (Figure S14). The slight
reduction in the DRCG’s cooling performance is attributed
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to slight solar absorption from the higher visible absorp-
tion of the DRCG (~6 %) compared to that of C-glass (~1 %)
due to the commercial ITO-coated glass used in the DRCG,
optimized for electronic devices. The solar absorption of
the DRCG can be mitigated by decreasing the ITO thick-
ness, as explained in Section 2.3. Furthermore, the DRCG
outperforms the C-glass under varying solar irradiation and
ambient temperature (Figure S15).

For practical validation under solar irradiation, we
conducted day-to-night outdoor measurements of the sur-
face and enclosure temperatures (Figures S16 and 17). The
measured surface and enclosure temperature of the DRCG
were consistently lower (>1°C) than that of the C-glass
even under varying solar irradiation, indicating superior
cooling performance of the DRCG in the daytime. At day-
time, the temperature difference (T_gass—Tpreg) depended
on the neighboring temperature variation caused by solar
irradiation because the heat flux from the neighboring
object (P,;,) was larger than the solar absorption (Pg,,). At
night-time, T¢g,—Tpreg INCreases owing to lower ambi-
ent temperature (<10 °C), consistent with simulation results
(Figure S15). Additionally, the enclosure temperature mea-
surements further confirm that the DRCG provides supe-
rior enclosure cooling performance (>1°C) compared to
the DRCG, indicating the DRCG’s effectiveness in dissipating
enclosure heat even under sunlight (Figure S17D).

3 Conclusions

As a strategy to enhance the cooling performance of the
coolers on the vertical surfaces, the DRCG shows directional
thermal emission and prominent visible transmittance by
employing Al,05 and Si;N, on ITO-coated glass. Owing to the
high LWIR reflectance of ITO, our fabricated DRCG exhibits
broadband directional thermal emission based on Berre-
man modes of Al,O, and SisN,. Additionally, the transpar-
ent materials ensure a high visible transmittance (~84 %)
of DRCG. We have developed a calculation model that
accounts for the presence of neighboring objects around
the wall-mounted cooler. Both the calculation and experi-
mental results have confirmed that our DRCG significantly
enhances cooling performance (>1.5 °C) compared with C-
glass in hot urban environments characterized by neighbor-
ing object temperatures of 60 °C and a sky view factor of
0.25. In addition to its remarkable surface cooling capabil-
ities, the enclosure cooling experiments have demonstrated
the enhancement of space-cooling performance by ~1.5 °C.
With its outstanding capability to passively cool enclosures
when used as a window, our DRCG offers a promising
solution by effectively dissipating the trapped heat within
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urban areas to the external heat sink, thereby reducing
energy consumption for cooling purposes. Furthermore, the
high transmittance and directional thermal emission prop-
erties present opportunities for alternative applications,
such as a display film that enhances thermal comfort for
users positioned in front of the display by preventing heat
transfer to the users. For broader applications of our DRCG,
further research is necessary to improve the absolute emis-
sivity at high incident angles.

4 Methods

4.1 Optical simulation for spectral results

To simulate the transmission, reflection, and emissivity spectra of the
materials (i.e., soda lime glass and ITO) and the DRCG, we employed
commercial software known as DiffractMOD, developed by Rsoft
Design Group, Synopsys, USA. This software utilizes rigorous coupled
wave analysis to provide accurate spectral results. In our simulations,
we considered the complex refractive index dispersions for various
materials, including Si;N,, Al,0, ITO, and soda lime glass, to ensure
the precision of our spectral data.

4.2 Fabrication of DRCG

A clean commercial ITO-coated glass was prepared. A deposition of
210 nm of Si;N, was conducted by the plasma-enhanced chemical vapor
deposition method via PECVD (System 100, Oxford, USA). Subsequently,
a deposition of 230 nm of Al,0, was performed by the electron beam
evaporation method via an e-beam evaporator (KVE-E2000, Korea Vac-
uum Tech Ltd, Korea). The deposition rate and pressure were approxi-
mately 1 A s™ and 1078 Torr, respectively.

4.3 Structural and spectral analyses of the samples

The absorptivity spectra were characterized using an integrating
sphere, encompassing a wavelength range from 280 to 2500 nm, and
employing an ultraviolet—visible-near-infrared (UV-vis—NIR) spec-
trometer (Lambda 950, Perkin Elmer, Inc., USA). Additionally, the emis-
sivity spectra for the MIR regions were analyzed using a Fourier-
transform infrared spectrometer (VERTEX 70v, Bruker, USA), equipped
with a variable angle reflection accessory. The emissivity spectra were
determined based on the measured reflectance and transmittance spec-
tra (i.e., E =100 % - R — T). To observe the cross-section of the fabri-
cated sample, SEM was utilized, with a specific instrument being the
S-4700 model from Hitachi Hi-Technologies, Japan.

4.4 Thermal equilibrium equation

The revised thermal equilibrium equation, as shown in Equation (3), is
composed of the following six terms:

Prad(Tsample) = /(; </0 /[; IBB (Tsample’ j')“E/ (;L’ 9)

x cos(8) sin(6)dAdOde, @



DE GRUYTER

Py, = A(@) cos(a)/ Lnasc(A)e(A, a)d4, )
0

T b oo
Pu= [ [ s )€ (10)e (1.0) cos(o)
0o Jo 0

x 5in(0)dAd0de + Rygung / / / Ip
o Jog Jo

X (Tomps )€ (4, 0) €4 (4, 0) X cos(0) sin(6)dAdAdep, (6)

0y poo
P, = / / / Iy (Tup. A)e' (4. 0) e (4.0)
o Jo, Jo

7z b3 poo
% cos(9) sin(ﬁ)d)»dedqﬁ+Rgmuml/0 /H /0 Iy
2

X (Typs A)€ (4, 0) €y (4, 6) cos(6) sin(8)dAdodg,  (7)

Pground = /) /9 A IBB(TgTaund’j’)el(’l’g)ggwund(ﬂ’e)
2

% cos() sin(6)dAdfde, ®)

Pnon —rad = hc(T

sample

- Tambiem)' ©)

Here, 6 and ¢ represent the zenith angle and the azimuth
angle, respectively. The term &’ (A, 9) is the averaged emitter’s emis-
sivity over the azimuth angle in the zenith direction, corresponding
to i fo”e(l, 0, p)dg,where £(4, 0, @) is the spectral emissivity of the
emitter with dependencies on zenith and azimuth angles (Figure S10).
The azimuth angles are defined in the range of 0 to =z, excluding
angles toward the wall (¢ = 7 to 27) due to the absence of emissivity.

he
Iy = (2h,c2/ 2%) / |e™sT — 1] is the spectral radiance of a blackbody at

temperature T, where h, ¢, kp, 4, and h, are Planck’s constant, the veloc-
ity oflight, Boltzmann constant, wavelength, and the non-radiative heat
exchange coefficient, respectively. A(a) is the constant that depends on
the solar altitude angle a, as defined in Figure S18. The terms &(4, a)
and cos(a) in Equation (5) represent the spectral emissivity of the emit-
ter at incident angle @, and the orthogonal projection of the sunlight
onto the vertical surface, respectively. We defined the solar altitude
angle as 75°, typical summer season conditions in Gwangju, South
Korea (35.166" N, 126.916" E) [52]. Ry, IS the spectral reflectivity of the
ground. The atmospheric emissivity is expressed as &,,;,(4,0) =1—

t(/l)l/ «s(?) where tis the sky transmission of mid-latitude atmospheric
transmission in summer, calculated utilizing MODTRAN 6. 6,, 6,, and
6, are the boundary angles of the four different situations for heat
absorption to the glass (Figure S11). The emissivity of the neighbor-
ing objects and ground is expressed as &,,(4,6) = £y, cos(% - 0)
and €gpgy0q (4, 0) = (1 = Ryrguna) €087 — 0), respectively, as considered
Lambertian emission. £, , is assumed as 1 due to the high emissivity of
the building exteriors [47]. The schematic for Lambertian emission of
the neighboring objects and ground with angular property appears in
Figure S19.

4.5 Measurements of thermal imaging and cooling
performance

For thermal imaging purposes, the fabricated DRCG was positioned
on a hot plate set to 60 °C. A thermal camera (E6, FLIR Systems, Inc.,
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USA) was used to capture sample surface images at various incident
angles. To facilitate real-time temperature measurements, temperature
sensors (ST-50, RKC Instrument Inc., Japan) were employed. The tol-
erance of the sensors was measured within 0.1 °C (Figure S20). These
sensors were affixed to the back side of the glass and the black mate-
rial (i.e, leather) inside the miniature houses to measure the surface
and enclosure temperatures, respectively. Additionally, temperature
sensors were inserted between the electrical heater (KHLVA-202/10-P,
Omega Engineering, USA) and the black leather to monitor the heater
temperature. All sensors were connected to a data logger (RDXL6SD,
Omega Engineering, USA). Furthermore, an ambient air temperature
sensor was used to measure the temperature of the naturally convec-
tive air.
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