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The ability to control the directional and spectral properties of thermal emission is of fundamental
importance for many applications. Here we propose a method to design directional and broadband thermal
emitters (DBTEs) and directional and narrowband thermal emitters (DNTEs) based on classic thermal
emitters and angular selectors. DBTEs exhibit strong thermal emission at a specific angle and within a
broadband wavelength range. Besides, DBTEs achieve better radiative cooling performance than clas-
sic thermal emitters without special angular control when there are surrounding buildings. On the other
hand, DNTEs can confine thermal emission within a narrow bandwidth and a narrow angular width.
DNTEs show higher energy conversion efficiency than conventional narrowband thermal emitters, and
have potential application in high-efficiency infrared light sources.
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I. INTRODUCTION

Thermal emission from opaque materials, such as a
black body or an incandescent source, has long been
regarded as an incoherent phenomenon due to the uncor-
related properties of spontaneous emission. About two
decades ago, temporally and spatially coherent thermal
emitters were theoretically and experimentally demon-
strated [1,2]. Since then, different methods to control
and manipulate thermal emission based on nanostruc-
tures have been developed. Most studies focus on con-
trol of the spectral properties of thermal emission, which
spawns a myriad of applications, such as radiative cool-
ing [3—7], thermophotovoltaic devices [8—10], and thermal
camouflage [11-14]. In contrast, there are few studies
on the directional control of thermal emission. How-
ever, the directional control of thermal emission is of
vital importance in fundamental science and a num-
ber of applications [15,16], and needs to be further
investigated.

Thermal emitters can be divided into five categories
on the basis of their different spatial and spectral prop-
erties, as shown in Fig. 1. Wide-angle and broadband
thermal emitters, for example, a black body, photonic
crystals [3], glass-polymer hybrid metamaterial [4], and
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refractory-metal based metamaterial [17]. Wide-angle and
narrowband thermal emitters such as metal-insulator-metal
structures [18—20]. The thermal emission is confined in a
narrow wavelength range but within a wide-angle range.
Spatially and temporally coherent thermal emitters are
quasidirectional and narrowband thermal emitters because
the thermal emission is directional at some specific wave-
length and narrowband in some specific direction. Sev-
eral structures such as gratings [2,21] and vertical-cavity
enhanced resonant thermal emitters [22] have been pro-
posed to control the thermal emission spatially and tem-
porally. A one-dimensional (1D) photonic crystal with
a polar material as a coating layer is also proposed to
achieve highly spectral and directional thermal emission
[23]. However, the thermal emission of spatially and tem-
porally coherent thermal emitters is still within a large
angular and wavelength range, unlike directional and nar-
rowband thermal emitters (DNTEs), which confine thermal
emission within a narrow bandwidth and narrow angular
width (Fig. 1).

Several strategies to achieve directional and broadband
thermal emitters (DBTEs) and DNTEs have also been
investigated. Hyperbolic materials of type Il have been
demonstrated to generate directional and broadband ther-
mal emission, but the emission angular width is quite large
(more than 20°) [24]. For semitransparent plane-parallel
semiconductor layers, the emission spectrum is broadband
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and the emission angle is partially directional. However,
the emissivity is only around 0.5 and the emission angular
distribution is still broad from 0° to 60° for a Si plate [25].
Plasmonic Brewster funneling and adiabatic focusing have
been combined to achieve ultrabroadband omnidirectional
thermal emission, but the emission angle is larger than 80°
[26]. On the other hand, some progress has been made
toward achieving DNTEs such as plasmonic metasurfaces
[16] and metallic bull’s eyes [27]. However, they require
nanofabrication methods such as electron-beam lithogra-
phy and cannot be easily scaled up. An approach using
two-dimensional photonic crystals combined with quan-
tum wells was proposed [15], but the angular range of
thermal emission is large (from —20° to 20°) and the cen-
tral wavelength is fixed due to the intrinsic intersubband
transitions of multiple quantum wells. Campione et al. [28]
used semiconductor hyperbolic metamaterial to control the
emission angle and wavelength simultaneously. However,
the angular range of thermal emission was larger than 40°
and the peak emissivity was low (approximately 0.4). Zhu
et al. [29] designed a structure in which a single layer
of two-dimensional material is separated from a mirror
by a dielectric spacer layer. The drawback is the central
emission angle is nearly 90°.

In this work, we design two kinds of thermal emitters, a
DBTE and a DNTE, based on classic thermal emitters and

Directional and narrowband
thermal emitter (DNTE)

FIG. 1. Five kinds of thermal emitters
with different spatial and spectral prop-
erties. A wide-angle and broadband ther-
mal emitter (e.g., a black body), a wide-
angle and narrowband thermal emitter
(e.g., a metal-insulator-metal structure),
and a spatially and temporally coher-
ent thermal emitter (e.g., a grating) have
been demonstrated. However, achiev-
ing a directional and broadband ther-
A mal emitter and a directional and nar-
rowband thermal emitter has remained
elusive so far.

I Emissivity of 1
I Emissivity of 0

Wide-angle and broadband
thermal emitter

angular selectors. The past few years have witnessed great
strides made in the field of angular selectivity [30,31].
Angular selectivity can select light on the basis of the light
propagation direction and was recently applied to high-
efficiency solar-energy conversion [32,33], privacy protec-
tion [34,35], and detectors with enhanced signal-to-noise
ratios [36]. Here we propose applying angular selectivity
to classic thermal emitters to control the spatial and tempo-
ral properties of thermal emission simultaneously. For the
DBTE, we design a material system consisting of an angu-
lar selector on top of a broadband thermal emitter. Such
a thermal emitter can emit in a specific direction within a
broadband wavelength range, which can be used for direc-
tional radiative cooling when there are surrounding build-
ings. For the DNTE, we propose a structure consisting of
an angular selector on top of a vertical-cavity enhanced
resonant thermal emitter. The DNTE can emit at a spe-
cific wavelength of 3.92 um with a bandwidth of about
0.04 um and a specific angle of 61° with an angular width
of around 5°. Compared with a conventional narrowband
thermal emitter, the DNTE can achieve a higher equilib-
rium temperature and higher energy-conversion efficiency.
This method based on angular selectivity will pave the way
toward the spatial and spectral control of thermal emis-
sion in both the fundamental-science field and a number
of energy-harvesting applications.
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I1. DIRECTIONAL AND BROADBAND THERMAL
EMITTER

A. Structure and emissivities of the DBTE

We first show how to achieve a DBTE. First, we achieve
broadband angular selectivity on the basis of the fact that
(i) p-polarized light transmits without any reflection at the
Brewster angle and (ii) the band gaps of photonic crystals
can prevent light propagation for given frequency ranges
and the band gaps can be broadened [30]. We consider a
simple 1D photonic crystal consisting of materials 4 and B
with period a; of the ith stack and relative permittivities €4
and &g, as shown in Fig. 2(a). In such a system, monochro-
matic plane waves with a specific frequency can propagate
only in a certain direction; propagation in other directions
is not allowed because of destructive interference (also
known as photonic band gaps). However, for p-polarized
light, there is a special propagation angle, known as the
Brewster angle,

05 = tan~! |4, (1)

&B
where 65 is the Brewster angle in the layers with per-
mittivity 4. At 6p, p-polarized light is totally transmitted
for all frequencies. First, BaF, and ZnS are chosen as the
materials for the 1D photonic crystals because they are

1D photonic
(a) crystal (b)

transparent in the mid-infrared range. The permittivities
of the materials are described in detail in Appendix A.
For index-matching purposes, the light is incident from a
medium with refractive index n = 1.4. The thickness of the
BaF, and ZnS layers in the first stack is ag, and r is the geo-
metric series of the periods of these stacks as a; = aor' ™.
Here we choose proper parameters ap = 390 nm and » =
1.02. The film thickness of the thermal emitter is propor-
tional to the emission wavelength, so a is chosen to ensure
it is the smallest value to cover the whole spectral range.
Parameter  cannot be too small or too large. If » is too
small, the angular selector cannot cover the whole wave-
length range. If 7 is too large, there will be some “leaky”
thermal emission around the emission angle because the
extended modes are allowed to propagate between two
band gaps.

Next we consider that materials 4 and B are isotropic
and anisotropic materials. Such isotropic-anisotropic
bilayers can be obtained with use of widely used poly-
mers [37,38] and mature mechanical methods in industry
[39—42]. One widely used method called “multilayer coex-
trusion” has been used to form thousands of layers of
two alternating materials [43—46]. Multilayer coextrusion
uses a process of forced assembly through sequential layer
multiplication to fabricate thin alternating layers of two
or three materials. Such a method can produce multilayer

FIG. 2. (a) Quarter-wave stacks con-
sisting of two materials 4 and B.
(b) DBTE based on an angular selector
on top of a black body. (c) p-polarized
emissivities of materials BaF, and ZnS
with 50 stacks, each stack consisting of
eight bilayers. (d) p-polarized emissiv-
ities of the anisotropic material nylon
6 and the isotropic material polysulfone
with 35 stacks, each stack consisting of
50 bilayers.
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films with thousands of layers. For example, a coextrusion
process with 11 multiplier dies produced 4096 alternat-
ing polycarbonate (PC) and poly(methyl methacrylate)
(PMMA) layers [47]. Here we choose polysulfone as the
isotropic material with a refractive index of 1.62 [48],
and oriented nylon 6 as the anisotropic material with an
average in-plane refractive index of 1.62 and out-of-plane
refractive index of 1.49 [37]. The transparent window of
such a material system is centered at 0° because light
“sees” the same refractive index of materials 4 and B
at normal incidence and is totally transmitted. Broadband
angular selectivity between 3 and 5 wm can be achieved.
The effective band gaps can be increased when the quarter-
wave stacks with various periods are piled (see Fig. Sl
in Supplemental Material [49]). The simulation results
for lossy polymer materials are also studied (see Fig. S2
in Supplemental Material [49]). Although the efficiency
of the angular selecitivity is reduced, a directional and
broadband angular selector can still be achieved.

We design two DBTE material systems based on the two
broandband angular selectors mentioned above on top of a
black body [Fig. 2(b)]. The black body can be replaced by
any other kind of broadband thermal emitter. The black
body exhibits strong thermal emission within a broand-
band wavelength range and in all directions. If the black
body is covered with an angular selector, only thermal
emission within a transparent window can escape outside
and thermal emission from other angles is reflected back
and reabsorbed by the bottom black body. A broadband

(a) |

building

] o
-
o
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FIG. 3.

(35 um) and directional thermal emitter can be achieved,
as shown in Figs. 2(c) and 2(d). The central emission angle
can also be tuned by choosing different materials 4 and
B. When the two materials are BaF, and ZnS, the central
emission angle is 61° and the angular width is around 5°.
If nylon 6 as an anisotropic material and polysulfone as an
isotropic material are chosen, a thermal-emission window
(0°—40°) can be achieved.

Although we focus here on control of thermal emission
for one polarization, our approaches can be generalized to
both polarizations. We demonstrate that the thermal emit-
ter based on 1D anisotropic photonic crystal stacks has
broadband and directional thermal emission for p polar-
ization. A half-wave plate, which is one simple anisotropic
layer, can convert s-polarized light to p-polarized light.
By inserting half-wave plates between 1D photonic crystal
stacks, we can achieve broadband and directional thermal
emission for both polarizations (see Fig. S3 in Supplemen-
tal Material [49]). We also study full-space emissivities of
DBTEs in polar coordinates (see Fig. S4 in Supplemental
Material [49]). The emissivities are the same for different
azimuths ¢ from 0° to 360° because the multilayer film is
uniform in the plane.

B. Ideal model of radiative cooling based on angular
selectivity when there are surrounding buildings

Radiative-cooling technology takes advantage of strong
mid-infrared thermal emission in the transparent “atmo-
spheric window” ranging from 8 to 14 um and can

building
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(a) Radiative cooling with angular control of thermal emission when there are surrounding buildings. 6, is the “thermal-

emission window” of the sample and 6, represents the height of surrounding buildings. (b) The equilibrium temperature of the DBTE
sample for different values of 6; and 6, when the ambient temperature is 40 °C. The dashed white line represents the lowest cooling
temperature after optimization of 6; based on different 6,. The conductive and convective loss can be quantified with use of the effective
heat-transfer coefficient # = 3 Wm~2K~!. (c) The equilibrium temperature of the DBTE sample for different thermal emission angles
6. Red, green, blue, and pink lines represent different values of 6, as 10°, 20°, 30°, and 40°, respectively.
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decrease the temperature of the object without any power
consumption [3,4]. However, current radiative-cooling
devices need to be installed on roofs because their perfor-
mances will deteriorate if there are surrounding buildings.
This greatly limits the applications of radiative cooling in a
wide range of areas and places. A recently published paper
proposed a method that can control the direction of ther-
mal emission for radiative cooling [7]. This method uses
geometric optics for control of the thermal-emission beam.
Here we propose a method based on angular band gaps
of 1D photonic crystals. Our material system with angu-
lar control can achieve a lower cooling temperature than
classic radiative-cooling technology without any angular
control.

We begin with an ideal model of a DBTE sample that is
surrounded by the buildings in a circle. The cross section
is shown in Fig. 3(a). For the wavelength ranging from 8
to 14 um, the DBTE sample has 100% absorptivity and
emissivity within its “emission window” ranging from 0°
to O, [yellow-triangle region in Fig. 3(a)], and 100% reflec-
tivity for other angles. The emissivity of the DBTE sample
between 8 and 14 yum is given in Eq. (2):

1, 0° <8 <@,
&) = {o, 6, < 60 < 90°. @

The emissivity of the sample is zero when the wavelength
is less than 8 pum or greater than 14 um. 6, represents the
height and distance of the adjacent buildings. The build-
ings contain steel and concrete, whose emissivities are
very high. Here we assume that the emissivities of the
surrounding buildings are 0.95. There is strong thermal
emission from buildings to the radiative-cooling device
within the “building’s emission window” ranging from 6,
to 90° [blue region in Fig. 3(a)]. Most of the time, the tem-
perature of the classic radiative-cooling device is lower
than the temperature of the ambient atmosphere and sur-
rounding buildings due to its radiative-cooling mechanism.
The thermal emission absorbed by the classic radiative-
cooling device without specific angular control (coming
from the buildings) is greater than that emitted by the
device. Therefore, the cooling efficiency is decreased.
However, the DBTE-based radiative cooling can reflect the
strong thermal emission from the surrounding buildings
and achieve higher cooling efficiency than classic devices
without angular control.

We calculate the equilibrium temperature of the ideal
DBTE sample for different values of 6; and 6, as shown
in Fig. 3(b). Here we consider only night-time radiative
cooling for simplicity. Daytime radiative cooling can also
be achieved by adding an additional reflector for visi-
ble light. The energy flux of the DBTE sample contains
three parts: thermal emission P,, absorption from the atmo-
sphere and buildings P,, and conductive and convective
loss P, which are described in detail in Appendix B.

The equilibrium temperature can be calculated when the
net power flux Py = P, + P. — P, is zero. The dashed
white line in Fig. 3(b) represents the lowest cooling tem-
perature of the sample for different values of 6, and 6.
The results show that the lowest cooling temperature (also
highest cooling efficiency) can be obtained when 6; is
close to 6. That makes sense because the best angular
control of the sample is to reflect almost all strong ther-
mal emission from the buildings and emit the energy itself
to the sky as much as possible. For different values of
Oy, the equilibrium temperature of the sample decreases
first when 6, increases and then reaches a minimum when
0, =~ 6, [Fig. 3(c)]. The temperature of the sample
then increases as 0, increases. The optimized 6, (point
A) can achieve a lower equilibrium temperature (higher
cooling efficiency) than the classic radiative-cooling
devices without angular control of thermal emission
(point B).

C. Realistic model of radiative cooling based on
angular selectivity when there are surrounding
buildings

The key component of a classic radiative-cooling device
is a broadband thermal emitter. Here we use a three-layer
broadband thermal emitter consisting of Au, SiO,, and
Si3Ny films for comparison [Fig. 4(a)]. The thicknesses
of the Au, SiO,, and Si3Ny films are 100 nm, 1 um, and
220 nm, respectively. Such a broadband thermal emitter
has high emissivities between 8 and 14 um and low emis-
sivities at other wavelengths [Fig. 4(b)]. The broadband
thermal emitter has no special angular control of ther-
mal emission, and thus the emissivities remain high even
when the emission angle increases to 85°. The relation
between the height and the distance of buildings is regu-
lated in law in China to ensure of enough sunshine time
and 6 has to be larger than 30°. Here we assume that 6,
is 40°.

The DBTE is designed by our placing a multilayer angu-
lar selector on top of the three-layer broadband thermal
emitter [Fig. 4(c)]. When materials 4 and B of the bilay-
ers are both isotropic materials, the emission angle can
only be at the Brewster angle, which is larger than 45°.
However, emission angles ranging from 0° to 40° are
required for radiative cooling with surrounding buildings.
Therefore, anisotropic material 4 and isotropic material B
with the above-mentioned permittivities are chosen as the
materials for the angular selector. We consider an angu-
lar selector of 160 stacks, each stack consisting of 60
isotropic-anisotropic bilayers. The periods of these stacks
form a geometric series a; = agr'~' with r = 1.01. The
thicknesses of layers 4 and B in the first stack are 1 um
(ap = 1 um). Such a DBTE has high emissivity when the
emission angle ranges from 0° to 40° and nearly 100%
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(a) (b) FIG. 4. (a) A three-layer broadband
Broadband thermal emitter consisting of Au, SiO;,
roadban . 1 and SizNy films. (b) The emissivities
thermal emitter @80 of the three-layer broadband thermal
%60 emitter. (c) A DBTE consisting of a
En 05 broadband thermal emitter at the bot-
= 40 : tom and a multilayer angular selector
‘g on the top. The angular selector con-
é 20 sists of 160 stacks, each stack consist-
2 0 ing of 60 isotropic-anisotropic bilayers.
5 10 (d) The emissivities of the DBTE. ()
Wavelength (um) The equilibrium temperatures of ambi-
(c) (d) ent air (blue line), the broadband ther-
mal emitter (red line), and the DBTE
E‘n 80 (black line) for different ambient tem-
Angular I 60 peratures. The effective heat-transfer
selector < coefficient # = 0.5 Wm=2K~!. (f) The
g 40 equilibrium temperatures of ambient
Broadband § air, the broadband thermal emitter, and
thermal 2 20 the DBTE for different effective heat-
emitter %{02 5 0 : transfer coefficients 4.
! 10 15
—a— With angular selector Wavelength (”m)
—e— Without angular selector
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e £ 3o}
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5 @
g 2‘ 10}
o (5]
2 [
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Ambient temperature (°C) A (W m—2K-1)

reflection from 40° to 90° [Fig. 4(d)]. The “emission-
window” size of the DBTE can be tuned by changing the
number of bilayers.

The equilibrium temperatures of ambient air, the broad-
band thermal emitter, and the DBTE are calculated on the
basis of the method described in Appendix B. Both the
broadband thermal emitter (without an angular selector)
and the DBTE (with an angular selector) can decrease
the temperatures of the samples through radiative cool-
ing, as shown in Fig. 4(e). The DBTE with an angular
selector shows better radiative-cooling performance than
the broadband thermal emitter without an angular selector.
For example, the temperature of the DBTE is around 12 °C
lower than that of the broadband thermal emitter when the
ambient temperature is 30 °C. Here we choose the effective
heat-transfer coefficient / as 0.5 W m~2 K~!. With the help
of low-conductivity materials and a high vacuum (10~°
Torr), the effective heat-transfer coefficient 4 can be further
reduced to the range 0.2-0.3 Wm~2K~! [50].

The effective heat-transfer coefficient has an obvious
effect on the radiative-cooling performance of the sample.

As shown in Fig. 4(f), the cooling temperatures increase
for both the broadband thermal emitter and the DBTE
when the heat-transfer coefficient is increased. At the same
time, the difference in the cooling temperatures between
the broadband thermal emitter and the DBTE decreases.
The temperatures of the broadband thermal emitter and
the DBTE are almost the same when the heat-transfer
coefficient 4 is increased to 5 Wm™2K~!. The reason is
that the temperature of the sample increases and becomes
close to the ambient temperature when / is increased. The
difference between the thermal emission from the build-
ings and that from the sample is small, and therefore the
advantage of the angular selector is not so obvious. On the
other hand, covering the broadband thermal emitter with
an angular selector decreases the whole emissivities of the
DBTE to some extent. As a result, the temperatures of
the broadband thermal emitter and the DBTE are almost
the same when the heat-transfer coefficient % is large. The
equilibrium temperatures of ambient air, the broadband
thermal emitter, and the DBTE are calculated for different
values of 6, (see Fig. S5 in Supplemental Material [49]).
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I11. DIRECTIONAL AND NARROWBAND
THERMAL EMITTER

A. Structure and emissivities of the DNTE

We now discuss how to achieve a DNTE. We design
a material system that contains an angular selector on
top of a vertical-cavity enhanced resonant thermal emit-
ter [22]. The vertical-cavity enhanced resonant thermal

(@

Angular selector —=

[N

The Vertical-cavity

enhanced resonant

thermal emitter —
n;: ZnS
ng: Si

]

Angular selector

The Vertical-cavity

emitter consists of seven bilayers of ZnS films (low refrac-
tive index) and Si films (high refractive index) on top of
a 100-nm-thick gold film [Fig. 5(a)]. The thicknesses of
the ZnS and Si films are 500 and 300 nm, respectively.
The vertical-cavity enhanced resonant thermal emitter is
a typical spatially and temporally coherent thermal emit-
ter, which has narrowband thermal emission at a specific
emission angle, as shown in Figs. 5(c) and 5(f). To achieve

1D photonic
crystal

enhanced resonant

(b) (c)

thermal emitter (d)

2% 260 E m =20
s 05 = =
40 0.5
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FIG. 5.

Wavelength (um)
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(a) The DNTE contains an angular selector on top of a vertical-cavity enhanced resonant thermal emitter. (b)+d) p-polarized

transmissivity of the angular selector and emissivities of the vertical-cavity enhanced resonant thermal emitter and the DNTE. The
angular selector consists of 20 stacks (m = 20), each stack consisting of ten bilayers. (e)}~g) p-polarized transmissivity of the angular
selector and emissivities of the vertical-cavity enhanced resonant thermal emitter and the DNTE. The angular selector consists of 70
stacks (m = 70), each stack consisting of ten bilayers. All the materials in our simulation are widely used: Au, ZnS, BaF,, and Si.
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spatial and temporal confinement of thermal emission,
we add an angular selector on top of the vertical-cavity
enhanced resonant thermal emitter [Fig. 5(a)]. Only the
thermal emission within the transparent window of the
angular selector can escape and the thermal emission from
other angles will be reflected back and suppressed.

We design two angular selectors with different
transparent-window sizes that can be controlled by the
number of stacks m. One angular selector contains 20
stacks, each stack consisting of ten bilayers, as shown
in Fig. 5(b). The periods of these stacks form a geomet-
ric series a; = apr'~' with gy = 650 nm and » = 1.01.
The other angular selector contains 70 stacks, each stack
consisting of ten bilayers, as shown in Fig. 5(e). The peri-
ods of these stacks form a geometric series a; = agr'™!
with ag = 530 nm and » = 1.01. We demonstrate that a
DNTE can be achieved as long as the emission peak
of the vertical-cavity enhanced resonant thermal emitter
falls in the transparent window of the angular selector,
as shown in Figs. 5(d) and 5(g). However, the angular
selectors with different numbers of stacks m have differ-
ent performances, which is discussed in detail later. The
temperature-dependent emissivity of the DNTE is also
studied considering the refractive index of Si is tempera-
ture dependent (see Appendix A). When the temperature
increases to 1000 K, several modes can be excited simulta-
neously, and thus the thermal emission from other wave-
lengths increases, as shown in Fig. S7 in Supplemental
Material [49].

B. Application of the DNTE in high-efficiency infrared
light sources

High energy-conversion efficiency is of vital impor-
tance to achieve high-efficiency infrared light sources. We
demonstrate that the energy-conversion efficiency can be
increased if an angular selector is applied to the vertical-
cavity enhanced resonant thermal emitter. We use two
different models to calculate equilibrium temperatures and
the spectral radiance of a black body, the vertical-cavity
enhanced resonant thermal emitter, and the DNTE when
the input power is fixed, as shown in Figs. 6(a) and
S8(a). In Fig. 6(a), we assume that the device is in a
vacuum. Conduction and convection are negligible. The
input power can be totally converted to heat and this
increases the temperatures of the three kinds of devices.
The equilibrium temperatures of the three kinds of devices
can be calculated on the basis of conservation of energy
(see Appendix C). The vertical-cavity enhanced resonant
thermal emitter is the same as that shown in Fig. 5(a). The
narrowband-thermal-emitter part of the DNTE is the same
as that shown in Fig. 5(a), while the angular-selector part is
different, with 70 stacks (a9 = 650 nm and » = 1.03), each
stack consisting of ten bilayers.

We compare the equilibrium temperatures of a black
body, the vertical-cavity enhanced resonant thermal emit-
ter, and the DNTE in Fig. 6(b). With the same input power
(50 mW), the DNTE reaches the highest equilibrium tem-
perature and the temperature of the black body is the low-
est. The spectral radiance is calculated at an emission angle

(a) (b) ——— Black body FIG. 6. (a) Model of the device in
Narrowband thermal emitter a vacuum. We assume conduction and
1000 —— DNTE convection are negligible. (b) The equi-
vacuum o librium temperatures for a black body
Pemission < g0l (green line), a narrowband thermal emit-
+ 1419 §-=‘ ter (red line), and the DNTE (blue line)
*5 600 for different input powers. Here the
l evice } 2 narr.owband thermal emitter is a Venice}l-
T § 400 ) cavity enhanced resonapt thermal emit-
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Geometric series of periods r

of 60° for the three kinds of thermal emitters, as shown
in Fig. 6(c). The black body exhibits the lowest radi-
ance in 3—5 pum, around 2—3 orders of magnitudes lower
than that of the other kinds of thermal emitters. The peak
radiance of the DNTE is around 12 x 108 Wsr™' m—3,
4 times higher than that of vertical-cavity enhanced res-
onant thermal emitter (3 x 103 W sr~! m~3). These results
demonstrate that the DNTE with both spatial and tempo-
ral confinement can reach a higher equilibrium temperature
and peak radiance at the objective wavelength of 3.9 um
and emission angle of 60° with the same input power. The
emissivities of the DNTE at different emission angles are
investigated at a fixed emission wavelength of 3.9 um
(see Fig. S9 in Supplemental Material [49]). The ther-
mal emission of the DNTE is highly directional, with an
emission-angle width of around 2°.

C. Effect of geometric parameters on the final
energy-conversion performance

Both the geometric series of periods 7 and the number
of stacks m have an effect on the equilibrium temperatures
and the spectral radiance of the devices. Here we use the
radiance of the vertical-cavity enhanced resonant thermal
emitter (Rpse) as the baseline and calculate the ratio of
the radiance of the DNTE structure (Rpnte) t0 Rpase- A
large geometric series of periods r leads to high equilib-
rium temperatures and high spectral radiance of the DNTE
[Fig. 7(a)]. The case for the number of stacks m is almost
the same [Fig. 7(b)]. The reason is that the location of the
band gap scales proportionally to the period of the quarter-
wave stack. The large geometric series of periods » and
number of stacks m result in a large transparent-window
size, which can suppress the wasted thermal emission in
a broadband wavelength range. Therefore, high energy-
conversion efficiency can be realized. These results can
guide us to design a proper thermal emitter considering the
trade-off between the energy-conversion efficiency and the
fabrication complexity.

IV. CONCLUSION

In conclusion, we propose two kinds of thermal emit-
ters, a DBTE and a DNTE, based on a classic thermal
emitter combined with an angular selector. We study not

Number of stacks m

only fundamental problems such as how to control the
spatial and spectral properties of thermal emission, but
also a number of practical applications. The DBTE can
control the direction of thermal emission in a broadband
range, while the DNTE can control the direction of ther-
mal emission in a narrowband range. From the view of
band diagrams, the angular selectivity can be achieved
because the extended modes can exist within the band
gaps at the Brewster angle. For a photonic crystal with-
out the Brewster angle, no modes are allowed to propagate
within the band gaps (see Fig. S10 in Supplemental Mate-
rial [49]). The DBTE can achieve lower radiative-cooling
temperatures than classic thermal emitters without angular
control when there are surrounding buildings. The DNTE
exhibits higher energy-conversion efficiency than the con-
ventional narrowband thermal emitter. We systematically
study the effect of a geometric series of periods r and
the number of stacks m on the equilibrium temperature
and the spectral radiance, which is useful guidance to
design a proper DNTE. The proposed DBTE and DNTE
can directionally and spectrally control thermal emission
and significantly benefit a number of applications such as
thermophotovoltaic devices, radiative cooling, and high-
efficiency infrared light sources. One natural next step is
to study the dynamic control of the direction and wave-
length of thermal emission, which can be realized by use
of liquid-crystal or phase-changing materials.
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APPENDIX A: MATERIALS

In our simulations, the permittivity of ZnS ez, =
8.393 + 0.14383/(A* — 0.2421%) +4430.99/(A* — 36.71?)
[51] and the permittivity of BaF2 ep,pm = 1.33973 +
0.81074%/(A* — 0.10065%) + 0.1965222/(A> — 29.87%) +
4.524691% /(A* — 53.82%) [52]. The temperature-dependent
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absorption of Si can be modeled by means of the absorp-
tion coefficient [53]: o =4.15 x 1075A1 2% exp
(=7000/T), where A is in micrometers, 7 is in kelvins,
and « is in reciprocal centimeters. The real part of the
refractive index of Si is assumed to be temperature inde-
pendent, ng; = 3.34. The permittivity of Au is modeled by
the Drude model [54] as gay(w) = 1(w) + igz(w) = 1 —
@} /(@* + iTw), where hw, = 8.5and 7p = 1/ T’ = 14fs.

APPENDIX B: METHOD FOR THE
CALCULATION OF THE EQUILIBRIUM
TEMPERATURE OF RADIATIVE COOLING

The energy flux of the device contains three parts:
thermal emission P,, absorption from the atmosphere and
buildings P,, and conductive and convective loss P.. The
thermal-emission part P, of the device is described as
follows:

P, = /// &0, w) x Igg(w, Ty) cos 0 sin 0dOdpdw

_///8(9 )X2h02 1
- s @) X S oxp (he /Mg Ty) — 1

X c0s 0 sin 0dOdpdw,

(BI)

where &; is the emissivity of the device, Igp is the theoret-
ical black-body radiance, and 7y is the temperature of the
device. The absorption of the device contains two parts:
thermal emission from the ambient atmosphere Py, and
from the surrounding buildings Pp:

Pa:Patm+Pb

= /// &5(0, w) x Igp(w, T,)

X Eatm (0, w) cos O sin BdOdpdw

[l

x Igg(w, T,) x p(0, w) cos O sin BdBdpdw,

where €, 1S the emissivity of the ambient atmosphere,
&p 18 the emissivity of the buildings, and 7, is the ambi-
ent temperature. The last part is the heat-transfer part P,
including conduction and convection:

Pe=hx(Ts—T,), (B2)
where / is effective heat-transfer coefficient. The equilib-
rium temperature can be calculated when the net energy
flux Ppet 1S zero:

Phy =P, +P.— P, =0. (B3)

APPENDIX C: METHODS FOR THE
CALCULATION OF THE EQUILIBRIUM
TEMPERATURE OF THE INFRARED LIGHT
SOURCE

In the first model, a constant input power Py, is applied
to the device. The initial temperature of the device is low,
and then the temperature starts to increase until the steady
state, namely, P, = Poy, 1S reached. P,y is the power
that emits from the device to the environment through
thermal emission, where conduction and convection are
ignored. The temperature-dependent and angular-resolved
emissivities £(0, w, T) of the vertical-cavity enhanced res-
onant thermal emitter and the DNTE are shown in Fig. S7.
Igg(@,w, T) is the theoretical black-body radiance (Lam-
bert radiator). By temporally and spatially integrating the
thermal emission of the device, we can obtain the input
power P, as follows:

Py, = /// e@,w,T) x Igg(@,w, T) cos O sinOdOdpdw

_/// G.0.7) 2he? 1
N B @ )X TS exp (he/MkgT) — 1

x cos 0 sin0dododw.

(CI)

For a fixed input power Pj,, the equilibrium temperature of
the device can be calculated with the above formula.

In the second model, we consider the thermal-
conduction loss due to the metal wires. We choose Man-
ganin wires, which have a relatively low thermal con-
ductivity (k = 7.81 W ~! K~!), to minimize the conduction
loss. The diameter and length of the manganin wires are
400 pum and 10 mm, respectively. At steady state, the equi-
librium temperature of the device can be calculated with
the following the formula:

T—T,
Pin = Pemission + Pcond = Pemission + kAwireL—a (CZ)

wire

where k is the thermal conductivity of the wire, Ayir
and Lyi. are the cross-section area and length of the
wire, respectively, T is the equilibrium temperature of the
device, and 7 is the environmental temperature.
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