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Highlights

Tilted-wedge surface

microstructures enable

broadband tuning of directional

emissivity

Angle-selective emitters allow

directional radiative cooling to the

sky

Directional emitters enhance local

heat radiation for higher energy

efficiency
Changing how materials emit heat can help save energy in buildings. Such

examples include low-emissivity windows and radiatively cooling paints. The past

strategies have mostly focused on the spectral properties of radiated heat,

whereas changing the direction of radiated heat can bring further energy-saving

benefits. We demonstrate a flexible, micro-structured film capable of emitting

heat in specific directions. This material allows us to achieve energy savings

compared with conventional isotropic emitters, especially in scenarios where

environmental temperatures are inhomogeneous, for example, in outdoor

radiative cooling for building walls or heating specific areas indoors.
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CONTEXT & SCALE

Thermal emission is a

fundamental phenomenon of

nature with impacts on various

energy technologies. Spectral

thermal emissivity engineering

has led to innovative designs that

improve heating and cooling

energy efficiency, including low-

emissivity windows, radiatively

cooling paints, and personal

cooling textiles. Directional

control of thermal emission can

unlock new possibilities in thermal

technologies, which however

requires scalable materials with

large broadband emissivity

contrast. We developed a flexible

thin film material with significant
SUMMARY

Material emissivity engineering can boost energy efficiency in cool-
ing and heating systems by tailoring radiative heat exchange. How-
ever, practical energy saving often faces challenges due to environ-
mental temperature inhomogeneity, such as building walls
encountering both cold sky and hot ground in the summer.Matching
the inhomogeneous temperature requires angle-selective emissiv-
ity materials. We present a micro-wedge structure for directional
thermal emission control. Our design shows a large broadband
contrast in directional emissivity (0.9–0.1), with the angular emission
range controlled by the micro-wedge geometry and tunable
through magnetic coupling. The angle-selective emitter offers bet-
ter daytime radiative cooling for outdoor vertical surfaces (2�C
below isotropic emitters), potentially saving 10%–40% cooling en-
ergy, and efficient indoor radiant heating. Harnessing the direc-
tional characteristic of thermal emission opens new opportunities
in energy efficiency enhancements across various applications,
such as space heating and cooling, waste heat recovery, and solar
thermal power generation.
changes in the emissivity at

different angles. These angle-

selective emitters offer

advantages over conventional

materials for energy-saving

applications, including radiative

cooling in outdoor environments

and indoor space heating. Our

research represents a new

approach to thermal management

with the potential to enhance

various thermal technologies,

including space heating and

cooling, solar thermal power

generation, and waste heat

recovery.
INTRODUCTION

Cooling and heating are responsible for over one-third of global energy-related

greenhouse gas emissions.1 The regulation of heat exchange is pivotal in achieving

energy-efficient cooling and heating, and one effective strategy is to tailor heat ra-

diation through engineering the spectral emissivity of materials.2–6 In the building

sector, low-emissivity glass reduces the thermal conductance in glazing units, mini-

mizing heat loss to the environment and helping to maintain indoor comfort

throughout the year.3 Low-emissivity paints, when applied to non-transparent build-

ing surfaces, diminish heat absorption from the sun and surroundings during sum-

mer while limiting radiative heat loss in winter.7 On the contrary, high-emissivity ma-

terials allow heat to be efficiently dissipated into the environment through

radiation.8 Passive daytime radiative cooling has emerged as a strategy to cool ob-

jects including buildings by designing materials with high solar reflectivity and high

infrared emissivity in the atmospheric transparency window at 8–13 mm.9–15 In recent

years, spectral emissivity engineering has also emerged for personal thermal man-

agement, where advanced textile materials are designed to transmit or reflect ther-

mal radiation from the human body to facilitate personal thermal comfort.16–19

Although engineering spectral emissivity is effective when the surrounding environ-

ment is at homogeneous and steady temperatures, the environment’s temperatures

are largely inhomogeneous and can dynamically vary in many practical situations.20
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Take the residential building as an example. During summer, while the sky stays

cold, the ground temperature rises significantly due to solar heat gain (Figure 1A).

Efficient cooling of the building walls to promote energy efficiency therefore calls

for materials with directional infrared emissivity—able to simultaneously radiate to

cold sources (e.g., by having high emissivity toward the sky) while reflecting heat

from the hot environments (e.g., by having low emissivity toward the ground). The

indoor environment exhibits large temperature inhomogeneity as well,2 particularly

between human bodies and other indoor items (Figure 1A). Radiant heaters—indoor

heating panels that transfer heat through radiation21—can consume less energy by

directing radiative heat only to a target. Moreover, materials with adaptive direc-

tional emissivity can further optimize cooling and heating energy efficiency in

response to changing weather conditions and moving targets.

Although spectral engineering of thermal emissivity has been extensively achieved

through the thermal photonic approach,8,9 directional engineering is less frequently

reported,22–24 and is particularly challenging for thermal emission as the latter is a

broadband phenomenon that spans a wide range of wavelengths.25,26 Exploiting

the direction of heat radiation to achieve energy savings for heating and cooling

further sets a stringent requirement on the emissivity profiles because the emissivity

needs to be close to one in the direction where radiative energy exchange is desired,

whereas being close to zero in the direction where such energy exchange is un-

wanted. In addition, the high-emissivity direction oftentimes needs to be asym-

metric with respect to the normal incidence direction to meet practical requirements

(e.g., radiative cooling for building walls), which indicates that symmetric grating or

multilayer structures would not suffice. In this work, we propose a microstructure

design that achieves asymmetric angle-selective thermal emissivity, with large

contrast in spectral directional emissivity varying from 0.9 to 0.1 as a function of an-

gles. This material adapts its directional emissivity to the large temperature inhomo-

geneity in the environment for radiative cooling, realizing simultaneous heat dissipa-

tion to cold sources and rejection of heat from a hot environment. We also

demonstrate that angle-selective emission can deliver radiative energy to a target

and achieves energy saving for radiant heating. The angular range of thermal emis-

sion can be further tuned usingmagnetically responsive soft materials, making direc-

tional emitters adaptable to dynamically varying environments.
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RESULTS

Design of angle-selective thermal emitter

Kirchhoff’s law of thermal radiation indicates that directional spectral emissivity ε and

absorptivity a at a given direction and wavelength are identical, namely, εðq; lÞ =

aðq;lÞ. Designing materials with angle-selective emissivity thus translates to finding

structures with strong absorption only at certain angles. Here, we design microstruc-

tures that promote absorption within a selective range of angles. The proposed

structure is composed of periodically placed tilted wedges made of polydimethylsi-

loxane (PDMS; see Figure 1B), about the same order of magnitude with the peak

thermal radiation wavelength at room temperature (about 10 mm). The top surface

of the wedges is further coated with aluminum. PDMS has an intrinsic high absorp-

tivity/emissivity about 0.9 near 10 mm, whereas aluminum has an emissivity typically

less than 0.1 in the mid-infrared range and can reflect most of infrared radiation.

When incident radiation comes at an angle facing the wedges, significant electro-

magnetic energy enters the space between the wedges, leading to strong absorp-

tion of thermal radiation, as demonstrated by local enhancement of the electromag-

netic fields (Figure 1C). On the contrary, if incident radiation comes at angles facing
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Figure 1. Concept of angle-selective thermal emitter

(A) Schematic of the typical environment of a residential building. Infrared images of both outdoor and indoor environments display large temperature

inhomogeneity.

(B) Proposed structure to achieve angle-selective thermal emissivity, utilizing microstructures to enhance radiative absorption (and thus emission) in

one direction while promoting reflection in the other direction.

(C) Simulated electromagnetic field profiles for waves with transverse electric field polarization at different incidence angles. The color bars indicate the

square of the electric field magnitude. The wavelength of the incoming wave is 10 mm, and the incident power density is 1 W/m. The scale bar represents

50 mm.
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the aluminum-coated surfaces, most radiative heat is reflected (Figure 1C). The

strong absorption in one direction but not the other thereby leads to an angle-

dependent thermal emissivity.

To fabricate the structure, we used a scalable approach based on computer numer-

ical control (CNC) molding, casting, and metal deposition (Figure 2A; experimental

procedures). Briefly, a wax mold is first created using a hybrid process of orthogonal

cutting and wedge indenting27 with a sharp microtome blade (�1 mm tip radius). A

series of indentations is made on the surface of the wax mold to create wedge-

shaped cavities on the order of 100 mm. The angle, depth, and spacing of these

wedges can be controlled by adjusting the tool geometry and the machining

path. A two-part silicone is then poured into the mold to create a PDMS film with mi-

cro-wedge structures. The resulting film peeled off from the mold is soft and stretch-

able with a thickness around 150 mm (Figures 2B and S1), making it adaptable to

different geometries and shapes. The surface of the PDMS film is further plasma

cleaned and subsequently deposited with aluminummetal (150-nm thickness). Scan-

ning electron microscopy of the cross-section shows that the wedges have sharp

ends that are beneficial for trapping heat radiation (Figure 2C).

To quantify the angle-dependent thermal emissivity, we used a Fourier transform

infrared spectrometer to measure the emissivity spectrum (see details in experi-

mental procedures and Figure S2). Figure 2D shows the measured spectral direc-

tional emissivity of emitter sample 1 at selected angles, together with corresponding

infrared images taken when the sample is placed on a heater. Here, the angle is

defined as the polar angle varying in the same plane as the wedge structure (see inset
2832 Joule 7, 2830–2844, December 20, 2023
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Figure 2. Fabrication and characterization of angle-selective thermal emitter

(A) Schematic of the fabrication process of the angle-selective thermal emitter.

(B) Photos of a directional thermal emitter material from different viewing angles. The scale bar represents 1 cm.

(C) Scanning electron microscopy images of cross sections of directional emitters with different wedge geometries, labeled as samples 1–4. The scale

bar represents 100 mm.

(D) Emissivity spectrum of emitter sample 1 at different incidence angles.

(E) Measured angle-dependent emissivity at the incident wavelength of 10 mm for samples 1–4 with different wedge tilting angles. The pictures on the

top show the infrared images taken at different angles for sample 1 (placed on a heater). Carbon black and aluminum mylar as reference materials are

also measured, showing no angle dependence.

(F) Simulated angle-dependent emissivity at 10 mm for emitter with different wedge tilting angles. The pictures on the top show the simulated

electromagnetic field profiles for transverse electric field polarization at different angles for sample 1.
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of Figure 2D). Our microstructure design achieves a broadband contrast in the emis-

sivity from about 0.9 in one direction to about 0.1 in the other direction. Accordingly,

the sample appearance under the infrared camera changes from warm (red color) to

cool (blue color). Although PDMS already has high emissivity near 10 mm, the wedge

structure further enhances the absorption in the direction when the incident radiation

faces the wedges, as can be seen by comparing bare PDMS samples with and without

wedge structures (Figure S3). This enhancement in absorption (and thus emission) is

beneficial to achieve larger radiative energy flux in the direction that is desired. The

angular range of high emissivity can be further tuned by wedge geometries. By

changing the trajectory of the CNC blade during mold preparation, we can create

different shapes that result in wedges with varying tilting angles (Figure 2C, labeled
Joule 7, 2830–2844, December 20, 2023 2833
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as samples 1–4). Our experimental data show that, as the tilting angle of the top sur-

face of the wedge changes from about 46� (sample 1) to about 68� (sample 4), high

emissivity is narrowed down into a smaller angular range (Figure 2E; full angle-

dependent spectrum data are given in Figures S4 and S5). As a comparison, a com-

mercial carbon black paint shows angle-independent high emissivity, whereas an

aluminum mylar film shows low emissivity (Figures 2E and S6). This is corroborated

by the electromagnetic wave simulation, which shows measured emissivity at

10 mm for incidence angles from �70� to 70� for four different wedge geometries

(Figure 2F; see also Figure S7). The experimentally measured angle-dependent emis-

sivity data are smoother compared with simulation results, possibly due to the shape

variations from wedge to wedge, as well as the fact that PDMS and deposited

aluminum have surface roughness that creates diffuse scatterings. Although the

emissivity varies strongly as a function of the polar angle, the emissivity is insensitive

to the azimuthal angle, as seen from infrared images taken at different sample orien-

tations (Figure S8).

We have further characterized the durability of the angle-selective emitter material

by measuring its angle-dependent emission spectrum after durability tests,

including UV exposure, high temperature, and abrasion tests (see more details in

Notes S1–S6 and Figure S9). The emitter material is generally stable against UV

exposure and high temperature, showing minimal changes in its angle-dependent

emission properties. Abrasion will remove the deposited metal layer on the PDMS

structure, which strongly affects the emission properties. In practice, an infrared-

transparent top layer (e.g., a thin polyethylene [PE] film) can be used to cover the

emitter material such that the emission properties are maintained while the emitter

is protected against scratch or abrasion. This top layer can simply serve as a protec-

tion layer or can have added functionalities (e.g., minimize solar heating in the out-

door application, as we will discuss below).

Directional radiative cooling

Next, we experimentally demonstrate that angle-selective emitters bring enhanced

energy-saving potential compared with isotropic emitters when facing large temper-

ature inhomogeneity in the environment. We first discuss cooling applications, tak-

ing the side walls of buildings as an example. During summertime, the side walls that

reflect thermal radiation from the hot ground reduce heat gain. However, a common

approach using shielding materials such as aluminum foil cannot harness the radia-

tive cooling power to the sky as it has low thermal emissivity in all directions and

hence does not efficiently emit to the sky, although it can reflect heat radiation

from the ground andmost of solar flux. For a vertical blackbody surface, the net cool-

ing power to the sky can be on the order of 60 W/m2 (for surface and ambient tem-

peratures at 300 K, see analysis in Notes S1–S6). Although this value is about half of

the cooling power of a horizontal surface, the areas of building walls are large and

present significant opportunities for energy savings. Our structure can harness this

cooling channel while minimizing heat gain because it has low emissivity toward

the ground and can reflect heat while having high emissivity toward the sky and al-

lowing radiative cooling.

Figure 3A shows the outdoor setup for comparing cooling performance of materials

with different emissivity profiles (Figure S10). To demonstrate effects of directional

infrared emissivity of the directional emitter on cooling, a carbon black paint and

an aluminum mylar film are used as references of high and low isotropic emissivity

materials, respectively. Based on the angle-dependent emissivity measurements,

we estimated that carbon black sample has about 50 W/m2 cooling power to the
2834 Joule 7, 2830–2844, December 20, 2023
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Figure 3. Directional radiative cooling

(A) Orientation test to demonstrate the angle-selective thermal emission property. The top schematic shows the outdoor measurement setup.

Polyethylene (PE) film is placed on top of the sample to allow radiative energy exchange while minimizing convective heat loss. For carbon black

(blackbody reference) and the directional emitter material (sample 3), an infrared-transparent nano-porous polyethylene (nano-PE) is placed directly on

the sample to allow radiative flux to pass through while minimizing solar heat gain. All samples initially are placed horizontally and are then turned

vertically, facing both sky and ground.

(B) Full-day outdoor test for vertically installed samples. The top panel shows recorded ground and ambient temperature, as well as solar irradiance. The

bottom panel shows the temperature variations of samples with different emissivity profiles.

(C) Cooling energy-saving estimations of 16 representative cities within United States based on heat transfer through building walls.

(D) Energy-saving map within United States.
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sky when installed vertically, and directional emitter samples have cooling powers

up to 50 W/m2 depending on wedge angles (Notes S1–S6). To compare the cooling

performance of the three materials under similar solar heat gain, the directional

emitter and the carbon black surface are further covered with a nano-porous PE

(nano-PE) film (about 150 mm thickness) with an average solar reflectance of about

90% and infrared transmittance of about 85% (Figure S10).28 The high infrared trans-

mittance of nano-PE ensures the infrared emissivity of the emitters is radiatively

coupled to the environment, whereas the high solar reflectance rejects most of

the solar flux, keeping the solar irradiation on the three materials similar. Although

bare carbon black surface and directional emitter samples have different solar reflec-

tance, nano-PE-coated ones have nearly identical solar reflectance at the same solar
Joule 7, 2830–2844, December 20, 2023 2835



ll
Article
incidence angle (Figures S11 and S12). This ensures that the temperature difference

between these samples is mostly governed by their radiative properties. We also

note that, although the top nano-PE layer will decrease the emissivity in the near-

IR range due to its increased reflectance, its high transmittance in the mid-infrared

range ensures that the angle-dependent emissivity of the directional emitter in

the 8–13 mm range is preserved (Figure S13), which is critical for radiative cooling

application. Environmental stability of the nano-PE material has also been character-

ized, and nano-PE was found to be generally stable against a series of durability tests

mimicking outdoor conditions (see details in Notes S1–S6 and Figures S14 and S15).

For outdoor experiments, all samples are placed on foam insulations and enclosed in

a box covered with aluminum mylar sheets.

We first place all samples horizontally such that they all face the sky and solar irradi-

ation. In such case, the carbon black paints should achieve the lowest temperature

due to their largest radiative cooling power to the sky, as demonstrated in Figure 3A.

This is followed by the directional emitter that radiatively cools itself down via direc-

tional thermal emission to the sky. The aluminum mylar film has the highest temper-

ature because it has negligible radiative cooling power due to low hemispherical

emissivity. Next, we install samples vertically to the ground. In this configuration,

samples face the sky and the hot ground for its upper half and lower half of the hemi-

sphere above the sample surfaces, respectively. Both the carbon black paints and

the directional emitter radiatively cool efficiently by their large emissivity toward

the sky. The directional emitter cools down further by reflecting the thermal radia-

tion from the ground, whereas the carbon black absorbs significant heat by radiation

from the ground. Therefore, the directional emitter achieves the lowest tempera-

ture. We note that the large temperature difference between the low-emissivity ma-

terial and two other cases is also partly due to the slightly smaller solar reflectivity of

aluminum mylar compared with that of nano-porous PE (Figure S12). When we turn

all samples away from sunlight, the temperatures of the aluminummylar film and the

carbon black paints decrease and reach similar temperatures. This indicates that

cooling of the carbon black paints by thermal radiation to the sky is largely offset

by heating due to thermal radiation from the ground. Still, the directional emitter

has the best cooling performance and reaches temperatures about 2�C lower than

other non-directional cases. To further eliminate the effects of solar heating, the

above samples have also been tested in the nighttime where a hot plate with

controlled temperature settings simulates the ground. Although the view factor be-

tween the sample and hot plate is small, significant temperature increases are

observed for the carbon black paints when the hot plate temperature increases.

By contrast, the directional emitter and aluminummylar samples show small temper-

ature changes, indicating that they can reject radiative heat flux from the hot plate

(Figure S16).

We further conducted a full-day test with all samples installed vertically (Figure 3B).

The samples face the west such that before noon there is no solar irradiation on the

samples, whereas in the afternoon, the samples start to receive solar heat gain.

Before sunrise, the carbon black paints and the directional emitter both reach sub-

ambient temperature due to radiative cooling, whereas the aluminum mylar film

stays around the ambient temperature. The temperature of the ground is also lower

than the ambient due to its relatively high emissivity. After the sun rises, the ground

temperature starts to increase. As the ground temperature becomes higher than the

ambient temperature, the carbon black paints take additional heating penalty, and

their temperature becomes increasingly higher compared with that of the directional

emitter. Around noon, when the ground temperature reaches the maximum, the
2836 Joule 7, 2830–2844, December 20, 2023
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carbon black is at even higher temperatures than the aluminum mylar film, which

highlights the significant heating due to the thermal radiation from the ground.

Throughout the day, the directional emitter achieves the lowest temperature among

all samples, demonstrating the advantage of directional emissivity in cooling energy

saving.

To assess the practical impact of directional emitter materials on building energy ef-

ficiency, we conducted energy-saving simulations using a standard reference

model,29 specifically a post-1980 midrise apartment building. Our analysis primarily

focuses on heat transfer through building walls, where the net heat influx, combined

with internal heat generation, determines the overall cooling demand (see details in

Notes S1–S6 and Figure S17). The application of directional emitter materials to the

exterior surface of building walls effectively alters their emissivity and absorptivity

characteristics. This strategy offers the most substantial benefits in hot climate

zones, where buildings typically have lower insulation levels. In these areas, we

observed a cooling energy reduction of up to 40% (Figure 3C). Nevertheless, even

in regions with well-insulated buildings, we anticipate cooling energy savings of

10%–20%. Across the United States, the incorporation of directional emitters into

building walls has the potential to reduce cooling loads by 10%–40%, leading to sig-

nificant energy and emission reductions (Figure 3D). We recognize that energy-

saving benefits vary worldwide depending on specific climate conditions. For

instance, radiative cooling is less effective in humid areas,30 making the benefits

of a directional emitter less pronounced. In such environments, a low-emissivity ma-

terial that rejects ambient heat might be a more suitable choice. Broadly speaking,

for outdoor cooling, directionally emitting surfaces offer the greatest energy-saving

potential in hot, arid conditions.

Directional radiative heating

Due to the confined angular range of high emissivity, angle-selective emitters can

emit heat radiation to a target that requires heating while minimizing radiation to

other unwanted directions, thereby reducing heating energy consumption. To

demonstrate such capability of a directional emitter, we fabricated a ring-shaped

emitter (Figure 4A). The directional emitters with the narrowest angular range of

emission (sample 4) are placed on a copper ring heater with their wedges facing

the center of the ring. Another heater painted with carbon black is used as an

isotropic blackbody reference. To visualize the radiation profiles, we built a setup

to capture heat radiation and turn it into temperature profiles (Figure 4B). We placed

a thin carbon-painted PE film in front of the emitter. Heat radiation is absorbed by

the film and leads to local temperature increases. An infrared camera from the

back then captures the temperature distribution, which indicates the radiation pro-

files of the emitter. Figures 4C and 4D compare the captured infrared images from

the isotropic and directional emitters. For the blackbody emitter, the heat radiation

goes in all directions (Figure S18), leading to a ring-shaped heating pattern (Fig-

ure 4C). By contrast, for the directional emitter, because of the wedge orientations,

the emissivity is only large when the emission direction is pointing toward the center

(Figure S18). Consequently, most radiative heat fluxes go toward the center where

maximal temperature increase is observed (Figure 4D). We note this contrast in heat-

ing pattern is not due to view factor, which is a geometric factor describing the radi-

ative heat exchange between surfaces, but instead is a result of the different angular

emission property of the emitter surface. The ring-shaped heater has been chosen to

illustrate the capability of directional emitters to emit heat radiation to a localized

region. Similar examples can also be given by planar heaters. Although a single

planar heater with our directional emitter design would only allow radiation into a
Joule 7, 2830–2844, December 20, 2023 2837
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Figure 4. Directional radiant heating and magnetic steering

(A) Schematic and photo of ring-shape heat emitter.

(B) Measurement setup to capture thermal radiation and turn into temperature profiles that are visualized using an infrared camera.

(C and D) Captured temperature profiles indicating the radiation profiles from a black emitter (C) and a directional emitter (D). The scale bars represent

5 cm.

(E) Schematic and photos showing magnetic control of thermal emission direction. The micro-wedge has two sides coated with metal and can bend

toward different directions depending on the magnetic field direction.

(F) Angle dependence of apparent emissivity values under magnetic control.
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skewed direction (see Figure S18), two planar directional emitter heaters pieced

together can also deliver heat to a laterally focused region (Figure S19). In principle,

the wedge orientations can also be spatially inhomogeneous such that the radiative

heating range can be further optimized.

The capability of delivering heat radiation to a local region brings energy-saving po-

tential for heating applications. The radiant heating flux is governed by the emitter

temperature and surface emissivity. For a remote target, a directional emitter can

deliver the same heat radiation as a blackbody emitter if the target is located within

the high-emissivity angular range of the directional emitter and the emitters are at

the same temperatures. In such case, however, the blackbody emitter consumes

more energy as it emits radiation to all directions. For example, the ring-shaped

directional emitter in general requires 20% less heating power compared with the

blackbody emitter when the emitters are heated to the same temperature set points

(Figure S20). Therefore, if the same heating power is supplied, the directional

emitter would have higher temperature due to its smaller radiative heat loss. Conse-

quently, the directional emitter heats up a target more efficiently than the blackbody

emitter because of the ability to focus heat radiation andminimize radiative heat loss

to unwanted regions (Figure S20). An additional benefit of our design is that the ther-

mal emission directionality is achieved through introducing a microstructure on the
2838 Joule 7, 2830–2844, December 20, 2023
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material surface. This allows the development of a wallpaper-like material with

tailored heat radiation direction, which makes practical installation convenient

(e.g., as a retrofit to existing radiant heaters). Although the proof-of-concept dem-

onstrations mentioned above are conducted on a centimeter scale, it is feasible to

scale up heat delivery to a meter scale by proportionally increasing the dimensions

of the radiant heater. Our ray tracing simulation reveals that by implementing planar

radiators equipped with directional emitters measuring 50 cm laterally, we can effi-

ciently radiate heat to a local area located 3 m away from the radiator while signifi-

cantly decreasing overall radiative heat loss (Figure S21). This result demonstrates

the practical potential of directional emitter materials for residential heating

applications.
Magnetically tunable directional emitter

The above concept of directional radiative cooling and heating can be further

extended to direction-tunable thermal emitters, opening up possibilities for dy-

namic control of thermal radiation. The strategy is to create microstructures that

are responsive to external stimuli and can deform such that strong absorption of ra-

diation would occur at different incidence angles. To demonstrate this, we created a

vertically aligned micro-wedge structure that dynamically changes wedge angles by

magnetic force exerted on the embedded iron microparticles through an external

magnetic field. Iron as a soft magnetic material makes the structure responsive to

magnetic fields.31 The side walls of the wedges are coated with metal (Figure 4E).

Figure 4E shows that under different field directions, the vertically aligned wedges

deform in different directions. Radiative heat flux coming from the direction facing

the deformed wedges would be absorbed, leading to high emissivity. Radiative

heat flux coming from the other direction is instead mostly reflected, giving rise to

low emissivity. Altering the wedge orientation thereby changes the direction of ther-

mal emission, as shown by the infrared images taken at different viewing angles (Fig-

ure 4E). Angle-dependent apparent emissivity values can be extracted from the

infrared images and are shown in Figure 4F, demonstrating a magnetically

controlled, direction-tunable thermal emitter material.
DISCUSSION

Engineering of directional emissivity opens up a new opportunity of thermal emis-

sion control that can tailor radiative energy exchange to match and harness the

largely inhomogeneous temperature in the environments to achieve energy-effi-

cient cooling and heating. The fabrication of our micro-structured directional ther-

mal emitter is based on a mold-casting process, which is similar to the approach

used to fabricate various industrial products. Alternatively, one may also explore

other fabrication methods such as screen printing or engraving to fabricate such mi-

crostructures so that the process is applicable to large-scale applications in the

building and industry sectors. Silicone elastomer as the main material makes the

structure flexible and stretchable, which can conform to various geometries. Thema-

terial’s thinness and flexibility provide a user-friendly, wallpaper-like installation con-

venience. The concept can also be generalized to other material systems, various

structures, and even dynamic control with other external stimuli. The potential for di-

rection-tunable thermal emissivity further opens the door to dynamically directing

radiative energy toward moving targets, particularly in indoor heating scenarios.

We believe further research on directional control of thermal radiation holds great

potential in achieving energy saving for a variety of applications spanning from

space cooling and heating to waste heat recovery32 and solar thermal power

generation.
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EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

the lead contact, Yi Cui (yicui@stanford.edu).

Material availability

The materials in this study will be made available upon reasonable request.

Data and code availability

All data are present in the paper and supplemental information.

Materials

To manufacture the wedge-shaped emitter material, a mold is first created using a

hybrid process of orthogonal cutting and wedge indenting.27 A soft wax mold is first

planed using an end mill and then using a sharp microtome blade (�1 mm tip radius).

Using the same microtome blade following an oblique trajectory, a series of inden-

tations is made on the surface of the wax mold to create wedge-shaped cavities on

the order of 100 mm. The angle, width, depth, and spacing of these wedges can be

controlled by adjusting the tool geometry and the machining path, such as the tool’s

indenting angle and retracting angle. A two-part silicone (SYLGARD, 184) is poured

into themold to create the bulk material with these micro-wedge structures. The sur-

face of the structure is further plasma cleaned before final aluminum metal deposi-

tion (150-nm thickness). Although preparing the wax mold requires creating the

wedges one by one, once the mold is created, it can be repeatedly used to fabricate

silicone material with microstructures.

To manufacture the vertically aligned micro-wedge emitter with magnetic response,

we first create an acrylic mold by cutting out grooves (width about 50–100 mm) using

a laser cutter. A two-part silicone (Ecoflex, 00-10) is then mixed with iron micropar-

ticles (Sigma Aldrich #267953, 25 wt %) and cast into the mold to form a continuous

silicone-iron elastomer composite. The sample is then deposited with gold (100 nm)

in an evaporator at a tilted angle such that the metal deposition mainly occurs on the

side walls of the wedges but not at the bottom. Depositions are made twice to coat

the two sides of the wedges.

To make nano-porous PE (nano-PE) film, high-density PE and ultrahigh molecular

weight PE are first mixed with paraffin oil (in a weight ratio of 1:4:35) at about

190�C under stirring. The mixed solution is then cast onto a heated substrate at

about 170�C. After cooling down, the solidified film is peeled off from the substrate.

Methylene chloride is then used to extract paraffin oil from the material, and a nano-

PE film is created after drying.

Electromagnetic wave simulation

Electromagnetic wave simulation was carried out to study the absorption profiles of

the structure at different incidence angles. The wavelength of the incoming wave is

fixed at 10 mm. The structure is made of silicone elastomer (complex refractive index

of 1.8 + i0.154) and 100 nm thick aluminum metal (complex refractive index of 25 +

i85.96), following the geometry of the manufactured samples. Periodic boundary

condition is used in the direction of repeating units. The incident power density is

1 W/m. Under incident radiation at an angle q from the normal to the surface, total

reflectivity R is calculated by evaluating the ratio of the incident power to the time-

averaged power flow leaving the top domain boundary. Results from transverse
2840 Joule 7, 2830–2844, December 20, 2023
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electric polarization and transverse magnetic polarization are averaged. Directional

emissivity εðqÞ is calculated by εðqÞ = 1 � R. Geometric dimensions of wedge struc-

tures corresponding to different tilting angles are given in Table S1.

Angle-dependent infrared absorption spectrum

Fourier transform infrared spectrometer with an integrating sphere is used to mea-

sure the total reflectance of the sample at different orientations. The sample is

placed on a rotation holder at the opening port of the integrating sphere, and the

orientation of the sample is adjusted by rotating the holder (Figure S2). The sample

holder and its supporting structure (Figure S2) are covered with aluminum foil to

ensure that diffuse reflections do not leave from the inner space of the integrating

sphere. The infrared beams are focused to the center of the opening port and

take up a small area, whereas the sample size occupies a significant area of the open-

ing port. This ensuresmost of the infrared light is incident on the sample. The sample

holder has also been validated against reference samples, including carbon black

paint and aluminum mylar (Figure S6), showing angle-independent emissivity

consistent with the optical properties of these reference materials. Baseline reflec-

tance measurements were conducted using a gold reference sample. As our sam-

ples are optically thick, the measured reflectivity R can be directly converted to ab-

sorptivity aðqÞ at an incident angle of the beam q, which is equivalently the emissivity

εðqÞ at a given wavelength (εðqÞ = aðqÞ = 1 � R).

Environmental durability test

To understand the environmental durability of the material with respect to the pro-

posed case demonstrations, we have performed durability tests for both directional

emitter material and nano-PE material. These tests include UV stability test, high-

temperature test, water flushing test, and abrasion resistance test. For UV stability

test, the test material is illuminated by a 220 W UV light-emitting diode (LED) lamp

continuously for 1 week. For high-temperature test, the test material is placed in an

oven at a temperature of 70�C for 1 week. For the water flushing test, the testmaterial

is fixedwith a tilting angle of 45� at 5 cm fromawater faucet.Water continuously flows

over the material for 1 week, and the flow rate is 300 mL/min. For abrasion resistance

test, the testmaterial with an area of 3 cm2 is fixedon aglass slide andplacedon sand-

paper (grit size 400) facing downward. A 50 g weight is placed on the glass slide. The

slide is moved on sandpaper for 10 cm to examine thematerial’s abrasion resistance.

Cooling energy-saving simulation

Building energy-saving simulation is conducted using a reference building model

(post-1980midrise apartment) defined by USDepartment of Energy29 across 200 cit-

ies in the United States. This model assesses the potential energy savings achievable

through directional emitter materials by examining heat transfer through building

walls. In brief, we examine a steady-state scenario where the combined heat influx

into the building and internal heat generation must be managed by air conditioning,

defining the total cooling load. The indoor temperature is set to be 22�C, whereas
the outdoor temperatures are obtained from TMY3 weather data. We consider

two cases—buildings with conventional wall materials and buildings with directional

emitters covering their walls. The difference in the cooling load between these two

scenarios quantifies the energy savings. For conventional buildings, surface emissiv-

ity/absorptivity properties are derived from EnergyPlus models.33 For buildings with

directional emitters installed on their wall surfaces, emissivity/absorptivity proper-

ties are taken from our measurement data. The effect of precipitable water vapor

in the atmosphere significantly impacts the radiative cooling capacity34 and is taken

into account in the estimation of the sky emissivity based on the dew point following
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EnergyPlus models. Additionally, we assume an internal heat load of 10 W/m2

(based on floor area) to represent average heat gain throughout the day.35 Further

simulation details can be found in the supplemental information.

Outdoor radiative test

For the outdoor test, all samples (dimension: 4 cm by 4 cm) are placed on foam in-

sulations and enclosed in acrylic boxes covered with aluminummylar. The aluminum

mylar helps to minimize solar heat gain from radiation absorbed by the box surfaces.

The opening above the samples is covered with PE films (thickness: 20 mm) to allow

radiative heat exchange while minimizing convective heat loss. Thermocouples are

attached to the backside of the samples to monitor the samples’ temperatures. The

measurement setups are placed on a rooftop of a three-story building in Stanford,

California where the place is covered with particles of sand and pebbles, reasonably

mimicking ground conditions with a relatively high emissivity. The temperature of

this ground is measured by placing a thermocouple under the sand particles. The

ambient temperature is recorded by the weather station located on the rooftop,

and the solar irradiance is measured by a pyranometer installed near the samples.

Directional radiant heating

A ring-shaped heater with an outer diameter of 8 cm and an inner diameter of 4.5 cm

is used to demonstrate directional radiant heating. The heater is made of copper (for

good heat spreading), whose backside is attached with thin polyimide heaters, and

its frontside is covered with emitter materials to be tested. A thermocouple is also

attached to the backside of the copper heater for monitoring and controlling the

temperature of the heater. The heater is placed on foam insulations covered with

aluminum mylar, such that only the heater area will emit radiation, whereas other re-

gions would have negligible emission. A carbon-coated PE film receives heat radia-

tion from the emitter and leads to local temperature increases, which are captured

from the backside with an infrared camera. A transparent PE film is placed before

the black film to allow infrared radiation to pass through while minimizing the

convective heat loss that disturbs the temperature distributions. For radiative heater

at a set temperature point, the heating power supplied to the heater is calculated by

multiplying the voltage with the current that runs through the polyimide heater.

Apparent emissivity from infrared images

The infrared camera measures the temperature by recording the infrared radiance

within a certain bandwidth and converting that into temperature readings based

on Planck’s law. The sample emissivity in the camera setting can be changed but

is set to one (blackbody) in our measurements. Based on Planck’s law, the fourth po-

wer of the measured temperature Tcamera is proportional to the total infrared emit-

tance from the sample P: P = sT4
camera, where s is the Stefan-Boltzmann constant.

The actual total infrared emittance includes both direct emittance from the sample

and reflectance from the surrounding environment, P = εsT4
sample + ð1 � εÞsT4

amb,

where ε is the sample emissivity, Tsample the sample temperature, and Tamb the

ambient temperature. With temperature reading from an infrared image, apparent

emissivity values can then be obtained by ε = ðT4
camera � T4

ambÞ=ðT4
sample � T4

ambÞ In
the measurements of the magnetically tunable emitters, the magneto-optical re-

sponses of the magnetized iron particles under the external magnetic fields are

negligible for infrared frequencies, and the apparent emissivity are not affected.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.

2023.10.013.
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