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ABSTRACT: Optimized thermal emitters using optical resonances  Spatially selective o, b Spectrally selective
have been attracting increased attention for diverse applications, such ~~ €mssfon S operation %f"x; -
as infrared (IR) sensing, thermal imaging, gas sensing, thermopho- /Rinvisible:IR visible Lossy SE} 1001 SE
tovoltaics, thermal camouflage, and radiative cooling. Depending on & : | i _: ( = )
L VA (um A (Um

the applications, the recently developed IR devices have been tailored
to achieve not only spectrally engineered emission but also spatially
resolved emission using various nanometallic structures, metamate- ? |
rials, and multistacking layers, which accompany high structural ——————
complexity and prohibitive production cost. Herein, this article
presents a simple and affordable approach to obtain spatially and Heater (~ 320K)

spectrally selective hybrid thermal emitters (HTEs) based on spoof

surface plasmons of microscaled Ag grooves manifested in

encapsulation polymer layers. Theoretical analyses found that the polymer hybrid plasmonics allows diverse emission tuning
within the long-wave IR (LWIR; 8—14 ym) region as follows: (1) spatially selective emission peaks only exist in the interface of Ag
grooves and IR-transparent layers and (2) near-unity spectrally selective emission is obtained by refining inherent emissivity of a thin
IR-opaque layer. Also, parametric studies computationally optimized the structural parameters for spatially and spectrally selective
HTEs. Using the optimized parameters, the authors fabricated two HTEs and demonstrated the intriguing emission features in terms
of infrared data encoding/decoding and radiative cooling, respectively. These successful demonstrations open up the applicability of
HTE:s for tailoring IR emission in a spatially and spectrally selective manner.

KEYWORDS: infrared emitters, selective emitters, spoof surface plasmon, radiative cooling, infrared data encoding/decoding

1. INTRODUCTION resolved emission controls have been used for infrared
displays'” and anticounterfeiting technologies.”””'

Over the past few decades, various design rules have been
provided to satisfy the abovementioned needs for spectral and
spatial thermal emission control in nano-/microphotonic
structures, including metallic nanostructures,””>**7*° meta-
materials,”’ " and multistacking layers.”' —>* However, there
remain challenges such as high structural complexity,®*
prohibitive production cost,”””*® and weak emissivity.”’
Here, we present a simple and affordable approach for
spectrally and spatially selective emitters using a polymer
hybrid spoof surface plasmon (sSP). The proposed hybrid

m), mid-wave IR (MWIR; 3—5 um), and long-wave IR thermal emitter (HTE) consists of a Ag corrugated pattern on
vy ¢ - 08 a Si substrate and an IR-transparent or IR-opaque encapsulat-
(LWIR; 8—14 um) to avoid strong absorption by dust, ; ) o A

reenhouse gases, and water vapor. 1> ing layer on a Ag groove. Since emissivity engineering is
& Among them ’ the LWIR window has the highest usage intertwined with the encapsulation layer, the HTE can function

)

because LWIR imaging involves ambient-temperature objects
(e, ~ 300 K) to extremely hot objects (ie., > 2000 K)."* Received: July 21, 2020
Furthermore, passive radiative cooling, which is an eco-friendly Accepted:  October 29, 2020
energy-saving technique, is a representative application of the Published: November 10, 2020
LWIR window owing to its broadband transparency and strong

radiation at ambient temperatures simultaneoustly.ls_18 In

addition to the spectrally optimized applications, spatially

A broad spectrum of Planck’s blackbody radiation over a wide
range of wavelengths is used for various applications. The
emission control of such incandescent sources in the infrared
(IR) region is of paramount importance in applications that
require different wavelength-selective emission features, for
instance, narrowband emissions for thermophotovoltaics,l_5
gas detection,®™” and biosensing,m and wideband emissions for
thermography use ranging from everyday life to industrial
applications."" In particular, thermal detection/imaging devices
operate within one of the three major atmospheric trans-
mission windows (ATWs): short-wave IR (SWIR; 0.7—2.5
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Figure 1. Spatially and spectrally selective emitters using polymer hybrid spoof surface plasmons. (a,b) Schematic illustrations of the HTEs working
in two modes (i.e., spatially and spectrally selective emission modes) through (a) emissivity rearrangement and (b) refinement by introducing IR-
transparent and IR-absorbing layers, respectively, on a corrugated silver pattern. In each mode, the hybridization of the corrugated pattern and IR-
transparent/absorbing layers modulates the desired emissivity spectra in the LWIR range. (c,d) Simulated emissivity spectra for (c) spatially and
(d) spectrally selective HTEs with control groups such as a Ag grating and thin-film emitters. (e,f) Cross-sectional absorption profiles for (e)
spatially and (f) spectrally selective emission modes at the wavelengths of 10.5 and 10.7 ym: (left) thin film, (center) Ag grating, and (right) HTE.
“Abs.” means absorption. (g) Ilustration for the structural parameters of the HTE. The parameters are period—P, depth—d, duty cycle—D,

substrate thickness—t,

by SUperstrate thickness—t,,,, and metal thickness—t,,.;,. (h) SEM image of a partially unglued HTE.

in two operating forms: mode 1—spatially selective emission
using an IR-transparent layer and mode 2—spectrally selective
emission using an IR-absorbing layer. The presented HTEs for
the two modes are theoretically designed, experimentally
fabricated, and successfully demonstrated in the form of IR
data encoding/decoding, where the encoded pattern is only
viewable within a specific area, and radiative cooling, where
thermal energy is released by a near-unity selective emission in
the LWIR window.

2. RESULTS AND DISCUSSION

2.1. Theoretical and Computational Analysis for HTE
Design Guidelines. 2.1.1. Hybrid Thermal Emitters for
Spatially and Spectrally Selective Emissions. Our proposed
HTEs have two operating modes, namely, mode 1—spatially
selective emission with an IR-transparent layer (Figure 1a) and
mode 2—spectrally selective emission with an IR-absorbing
layer (Figure 1b) that work within the LWIR window.
Simulation results for each structure demonstrate the detailed
emissivity spectra (Figure 1c,d). In mode 1, only the Ag grating
and the IR-transparent thin film exhibit unnoted emissivity
spectra (i.e., IR invisible; Figure 1c; orange and yellow dashed
curves), whereas the Ag grating with an IR-transparent film
(i.e., HTE for mode 1) shows remarkable emissivity enhance-
ment (Figure 1c; red solid curve). Although “mode 1” is based
on emissivity tuning, the synergy of the grating and the IR-
transparent superstrate permits the spatially resolved selective
emission feature.

In mode 2, a thin polydimethylsiloxane (PDMS) film, which
is an IR-absorbing material, presents a prominent selective
emission, but it has large emissivity loss (ie., lossy selective
emitter; SE, Figure 1d; blue dashed line). Only the Ag grating
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case shows a negligible emissivity curve likewise mode 1, that
is, low emissivity (Figure 1d; sky-blue dashed line). However,
the Ag grating with an IR-absorbing film (i.e.,, HTE for mode
2) demonstrates a near-unity selective emission in the LWIR
regime (Figure 1d; blue solid line).

To investigate the detailed emissivity enhancement
phenomena, the absorption profiles are simulated because
absorption could be equal to emissivity by Kirchhoff's law
(Figure lef). In mode 1, weak absorption is found at the Ag
layer in the thin-film structure (Figure le; left). Without an
encapsulation layer, the Ag grating absorbs the photons, but
the intensity is considerably low (Figure le; center). HTE with
an IR-transparent layer exhibits strong absorption at the Ag
layer and enhanced absorption in the Si substrate (Figure le;
right). In mode 2, the thin-film layer absorbs more incident
photons than the Ag layer (Figure 1f; left). Only the Ag grating
case displays a similar tendency with the case of mode 1
(Figure 1f; center). HTE with an IR-absorbing layer also
exhibits intense absorption at the Ag layer, but absorption in
the IR-absorbing layer is increased compared to that of the thin
film; hence, both absorption enhancements ameliorate
emissivity more (Figure 1f; right).

The structural parameters of the HTEs are illustrated in
Figure 1g, and the notations are as follows: period—P,
depth—d, duty cycle—D, substrate thickness—t,;,, superstrate
thickness—t,,,, and metal thickness—t,,.,. The geometrical
parameters for each mode are as follows: (1) mode 1: P = 10
um, d = 1.7 pym, D = 75%, tg, = S00 ym, ¢, ., = 100 nm, and
tap = 3.5 pm, and (2) mode 2: P = 8 um, d = 1.7 um, D = 75%,
top = S00 pm, £,y = 100 nm, and twp = 4 pm. The scanning
electron microscopy (SEM) image displays a partially unglued

https://dx.doi.org/10.1021/acsami.0c13177
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Figure 2. Analyses of a spatially selective emitter. (a) Emissivity contour plots of HTE without a superstrate layer as a function of wavelength,
period, and duty cycle. The depth d is 1.7 um. (b) Emissivity spectra of HTEs with different RI encapsulation layers (i.e,, Rly,, = 1, 1.2, and 1.4).
The extinction coefficient, k, is set to zero. Main resonant wavelengths are marked by yellow, orange, and blue circles. (c—e) Electric field
distributions for three Rl (c) Rly, =1, (d) 1.2, and (e) 1.4 at each resonant wavelength. The white lines indicate the interface of superstrate
layers.
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Figure 3. Analysis of the HTE with an IR-opaque superstrate for a spectrally selective emitter. (a) Emissivity contour plot of the HTE with an IR
nonabsorbing layer as a function of wavelength and layer thickness (£,,). Two Ag-Sup. modes and one Ag-Si mode exist. The spectral domain
between the two Ag-Sup. modes defines the F-P region. (b) Emissivity enhancement between superstrate modes (i.e., within the sSP window) with
small extinction coefficients. The substrate mode, Ag-Si, shows sharp resonances regardless of the extinction coefficient. (c) Contour plot of PDMS-
based HTE emissivity as a function of period and wavelength. The sky-blue and yellow solid lines indicate sSP at the interface of PDMS—Ag in the
(1,0) and (2,1) modes, respectively. The sSP window is defined as the region between the two sSP dispersion curves, which is the shaded area. The
sSP window contains four sSP resonance modes due to Ag—PDMS. The emissivity refinement is not found outside the light lines. The detailed
dispersion curves are shown in Figure S3. (d) Emissivity spectra of three HTEs with different periods: (top) P = 14 ym, (middle) P = 8 ym, and

(bottom) P = 6.5 um. For all periods, Ly, is set to 4 pm.

HTE (Figure 1h). The fabrication process is described in detail 2.1.2. Analyses and Design of Spatially Selective HTE. The
in Section 2.2. geometrical effects of various structural parameters such as the
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Figure 4. Fabrication process and SEM characterization of HTEs. (a) Fabrication process for HTEs using the MEMS methods. (b) Tilted SEM
image of a spatially selective HTE without an IR-transparent layer (i.e,, SEBS). (c,d) Cross-sectional SEM images of a spatially selective HTE (top)
without SEBS and (bottom) with SEBS. (e) Tilted SEM image of a spectrally selective HTE without an IR-absorbing layer (i.e.,, PDMS). (fg)
Cross-sectional SEM images of a spectrally selective HTE (top) without PDMS and (bottom) with PDMS.

period (P), duty cycle (D), and depth (d) on HTEs without
encapsulation layers (i.e., air) were theoretically studied
(Figure 2a). This result shows that only the Ag grating with
a low D does not act adequately as a strong thermal emitter,
and that the optimum D is 60 to 75%. In addition, the Ag
grating with high D (i.e, 90%) presents an almost period-
independent strong thermal emission due to the localized sSP.
The electric field distributions of the HTEs demonstrate
differences between D of 75 and 90% (Figure Sla—1c and see
Supporting Note 1 for details). Also, the localized sSP is
studied depending on the depth parameter (Supporting
Information Figure S1d and see Supporting Note 1 for details).

The implementation of the spatially selective HTE is based
on a narrow band peak rearrangement by introducing an IR-
transparent encapsulation layer. Figure 2b shows the effect of
the refractive index (RI) of a superstrate layer (i.e., RIsuP‘). For
Rl,, = 1, three emissivity peaks exist marked by yellow,
orange, and blue circles (i.e., Aes 1) Ares. 2 and Ay 3), but these
peaks are too weak to be captured using a thermal camera
(Figure 2b; left). However, Rl,,, of 1.2 considerably improves
the emissivity peaks, especially, A, ; (Figure 2b; center). Rl
of 1.4 strengthens more all the emissivity peaks (Figure 2b;
right). In addition to the emissivity enhancement, the red shift
of the main resonances is noted as the Rl increases.
Therefore, the encapsulation layer coating simultaneously
enables emissivity reinforcement and peak shifting from the
outside to inside spectral region of interest.

To analyze this emissivity boosting, electric field distribu-
tions of the z component are calculated for the three peaks at
resonant wavelengths (i.e, A 1) Ares. 2 a0d Ay 3) as shown in
Figure 2c—e. At Rly,, = 1, powerless electric field confine-
ments are found at A, , and A, ; (Figure 2c; middle and
bottom). Although a strong electric field is observed at A, j,
the field is considerably elongated, which indicates weak
resonance (Figure 2¢; top). However, the introduction of Rl
= 1.2 and 1.4 leads to light confinement within the
encapsulation layers (Figure 2d,e). In particular, at A, ;, the
vertically elongated electric field becomes shorter and at 4
and )'res. 3

Rl = L.

res. 2
the electric field resonances are stronger than that of
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2.1.3. Analysis and Design of Spectrally Selective HTE. A
simple HTE with a superstrate and a constant refractive index
of 1.5 and a zero extinction coefficient (Figure 3a) was studied
for the design of a spectrally selective emitter. In general,
spectrally restricted Fabry—Perot (F-P) resonances emerge
within the superstrate sSP modes depending on the superstrate
thickness.** Our results also exhibit the same resonance
tendency: F-P resonances are only formed between two
superstrate modes (i.e., Ist and 2nd Ag-Sup.), which is marked
as the “F-P region” (Figure 3a; white dashed line). The electric
field distributions are plotted at six points for a more thorough
analysis (Figure S2 and see Supporting Note 2 for details).
Interestingly, within the F-P region, the HTE with an
encapsulation layer having a small extinction coeflicient
provides an intense emissivity enhancement, thus the F-P
region is called the “sSP window” (Figure 3b). Outside the sSP
window, a strong resonance peak exists only at the substrate
sSP resonant wavelength. Matching the sSP window with a
region of a low extinction coefficient allows the design of a
selective thermal emitter with a wide spectral range.

Using the sSP window, a practical design for spectrally
selective HTEs in the LWIR window is performed with a 4
um-thick PDMS encapsulation layer as a function of period
and wavelength (Figure 3c). Also, modal analysis of a PDMS-
based spectrally selective HTE is performed using the sSP
grating equation

P
~ —
j’o,sup. ~ 2 ) esuperstrate
m” + 1

(1)
N P
Ao,sub. ~ 2 7V Esubstrate
Vm~ + 1 (2)
where m and [ are the grating orders and &pgate a0d Eqyperstrate

are the dielectric constants of the substrate and superstrate,
respectively. In Figure 3¢, the sky-blue and yellow solid lines
denote the envelope of the sSP window that results from sSP
resonances with different grating orders, such as the (1,0),
(1,1), (2)0), and (2,1) orders, at the PDMS—Ag interfaces. In
other words, the spectral region between the PDMS—Ag sSP
modes constitutes the sSP window. The dispersion curve for
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each mode is displayed in Figure S3. Owing to the abnormal
dispersion of PDMS (see Figure S4 for the detailed optical
constants of PDMS), the refractive index fluctuates signifi-
cantly and the sSP resonant wavelengths shuttle up and down
with the variation of the period in the weak absorption regimes
of the thin PDMS. These results show that the emissivity
amelioration does not require major modes of sSP, which
dominantly improve the emissivity. The core factor for the
refinement of emissivity overlaps with the spectral range having
a weak extinction coefficient and an sSP window region.

The sSP window due to such unusual sSP dispersion covers
the low absorption range of bare PDMS. Hence, it enhances
the low emissivity to up to near-unity even when low
extinction coefficients are used. In addition, the sSP resonances
do not improve the emissivity outside the light lines. In other
words, without PDMS encapsulation, emissivity enhancements
are not observed between the sSP resonances (Figure SS).
Figure 3d presents the surplus, degraded, and optimum
emissivity by the sSP window for the three periods. At shorter
periods (e.g., P = 6.5 ym), the sSP window is positioned from
6 to 8 um (ie. between two modes); hence, the emissivity
enhancement undesirably occurs (Figure 3d; right). In
contrast, the HTE with P = 14 ym shows degradation of the
LWIR emissivity owing to the absence of an sSP window, but
undesired emissivity enhancement occurs outside the LWIR
window (Figure 3d; right). The optimum HTE with P = 8.5
pum exhibits a near-ideal spectrally selective emitter fitting
within the LWIR window (Figure 3d; center).

2.2. Fabrication and Characterization of Spectrally
and Spatially Selective HTEs. Figure 4a shows the schemes
of fabrication steps for HTEs. At first, a silicon substrate was
cleaned using acetone, isopropanol alcohol (IPA), and
deionized (DI) water by sonication for S min (Figure 4a;
Step 1). Then, a positive photoresist (PR; AZS5214 E,
MicroChemicals, Germany) was spin-coated at 4000 rpm for
40 s on the silicon substrate. The sample was then baked on a
hot plate at 110 °C for 60 s (soft baking). For photo-
lithography, a mask aligner (M 100, Prowin, Korea) was used
with a patterned mask for the HTE under an exposure
intensity of SI mW/cm® for 4 s (Figure 4a; Step 2).
Subsequently, the UV-exposed sample was developed in a
developer (AZ-MIF-300, MicroChemicals, Germany) for 60 s
(Figure 4a; Step 3). Except for the PR-masked area, an
approximately 1.7 pm-thick silicon layer was etched using an
inductively coupled plasma spectrometer (ICP180, Oxford
Instruments, UK) for 7 min using SF4 gas (50 sccm) under a
pressure of 4 mTorr and an RF power of SO W (Figure 4a;
Step 4). After Si etching, the PR mask was removed using an
acetone bath for S min. A 100 nm-thick Ag layer was then
deposited using an electron beam evaporator (KVE-E2000,
Korea Vacuum Tech Ltd., Korea) at a rate of approximately 1
A/s (Figure 4a; Step S). After the Ag deposition process, the
encapsulation layers (i.e., PDMS and styrene—ethylene—
butylene—styrene; SEBS) were spin-coated on the Ag-coated
silicon groove (Figure 4a; Step 6).

The fabricated spatially selective HTE is shown in Figure 4b.
The geometrical parameters of the fabricated sample are P =
10 pm, d = 1.7 um, D = 75%, tp, = 500 um, and t,,., = 100
nm. Figure 4c displays the width and etched depth of the
sample. For spin-casting of SEBS, SEBS beads (Tuftec H1062,
Asahi Kasei, Japan) and a chloroform solvent (C2432, Sigma-
Aldrich) were mixed at a weight percent of 3.3 to 96.7 in a test
tube at room temperature. The solution was then sonicated for

a day to completely dissolve the SEBS beads. After the
complete dissolution of SEBS in the solvent, the SEBS solution
was spin-coated at 3000 rpm for 30 s on the Ag-coated silicon
groove. The spin-casted SEBS layer on the Ag groove has ~3
um thickness (Figure 4d).

The SEM image of the fabricated spectrally selective HTE is
also shown (Figure 4e). The geometrical parameters of the
fabricated sample are P = 8.5 ym, d = 1.7 um, D = 75%, tyy, =
500 pum, and t,.,; = 100 nm. The cross-sectional SEM image
displays the obtained structure (Figure 4f). PDMS (Sylgard
184, Dow Corning, USA) was mixed with a base/agent ratio of
10:1 and degassed to remove air bubbles. The PDMS solution
was spin-coated on the Ag-coated silicon groove at 8000 rpm
for 50 s. Finally, the spin-coated sample was cured on a hot
plate at 120 °C for 7 min, and the obtained PDMS thickness
was ~7 um (Figure 4g).

2.3. Demonstrations of Spatially and Spectrally
Selective HTEs. 2.3.1. Infrared Data Encoding/Decoding
Using Spatially Selective HTE. The fabricated spatially
selective HTE with SEBS is utilized for the demonstration of
infrared data encoding and decoding. Figure 5a illustrates the
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Figure 5. Demonstration of a spatially selective HTE. (a) Schematic
illustration of infrared data encoding using an HTE with SEBS
coating. “Ag grating” and “only SEBS” areas have weak emissivity
indicating that they are IR-invisible. (b) Measured and simulated
emissivity spectra of HTE, Ag grating, and only SEBS (approximately
3 um). (c) Thermal images of four cases: w/o superstrate (i.e., only
patterned Ag grating), HTE with IPA, DI water, and SEBS coatings.
In “w/ SEBS”, a fingerprint pattern is observed. (d) Cross-sectional
contrast in four thermal images. The observation line is denoted by a
black dashed line in (c). Insets display the schematics of cross-
sectional layouts of the sample.

experimental procedure. Because a thin SEBS film is IR-
transparent (Figure Sb; black solid curve), only the SEBS area
is thermally invisible. Also, the Ag grating area has weak
emissivity (Figure Sb; gray solid line); hence, it is barely IR-
visible. In contrast, the HTE with SEBS exhibits enhanced
emissivity due to the intertwined sSP (Figure Sb; yellow lines).
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Therefore, in the experiment, a thermal camera may detect a
hidden pattern, fingerprint, only in the case of HTE with SEBS.
For various control groups, four cases are considered as
follows: without SEBS (i.e., air), with IPA, with DI water, and
with SEBS. The constant refractive index and the zero
extinction coefficient might be a cause of a little mismatch
between the simulation and the measurement.

Thermal imaging results demonstrate the abovementioned
hypotheses (Figure Sc). Without a superstrate (ie., only a
patterned Ag grating), a fingerprint pattern could not be
observed due to low emissivity, and with IPA and DI water,
high emission of the solvents hinders the achievement of a
patterned image. However, with SEBS, the sample clearly
shows a fingerprint pattern. Figure 5d shows the quantitatively
evaluated acquired temperatures for these four cases along the
vertical black dashed lines shown in Figure Sc. This result
suggests that the patterned Ag grating sample has a low
contrast temperature profile. Also, the patterned Ag grating is
largely influenced by ambient thermal radiation because of its
high reflectivity. The cases of IPA and DI water cannot present
a noticeable pattern owing to their high emissivity, and the
HTE with SEBS provides a distinguishable IR-encoded pattern
resulting from the apparent emissivity difference between the
Ag patterned area and the no patterned area. Figure S6 shows
the areas of the patterned Ag grating and bare Ag and the
spatially different emissions depending on the superstrates.
The PDMS encapsulation layer cannot offer a classifiable
thermal image (Figure S7). The variation of duty cycle, D,
enhances the contrast between the thermally visible and
invisible areas (Figure S8). Additional advantages of SEBS
include acting as an optical curtain for concealing the IR-
encoding pattern (Figure S9) and erasability by simply
immersing in a solvent (Figure S10). Owing to this feature,
the HTE with SEBS facilitates IR data encoding and decoding.
The detailed measurement steps are explained in the Section 4.

2.3.2. Near-Unity Selective Emitter for Radiative Cooling
Using Spectrally Selective HTE. A near-unity and selectively
wideband LWIR emission can be used for radiative cooling
applications. Radiative cooling lowers the temperature of the
objects by radiative heat transfer through an LWIR window to
the universe (Figure S11). In this context, the fabricated
spectrally selective HTE is most useful to cool objects (Figure
6a). As control groups, Ag grating (i.e., absence of a
superstrate) and thin PDMS film (i.e., only PDMS) samples
are prepared. Figure 6b shows the measured emissivity spectra
of the Ag grating, only PDMS, and HTE with PDMS. The
simulated emissivity spectra coincide with the measurement
results. These results demonstrate that PDMS encapsulation of
the HTE improves the LWIR-matching selective emission.

Based on humidity or cloud status, the LWIR opacity varies.
For instance, a clear day has a transparent LWIR window, but a
humid or cloudy day has an opaque LWIR window. In this
case, the opacity of the LWIR window should be considered to
estimate the cooling performance of samples. To evaluate the
cooling performance of the fabricated samples, the energy
balance was analyzed using the thermal equilibrium equation’”

Prad(Tsample) - PSun - Pa\tm(’l—;\mbient) + hc(’l—;ample - ’I:;mbient)
=0 ()
where P,,( Tympte) is the radiative power of the sample per unit

area, P, (T,pient) is the absorbed power from the atmosphere
per unit area, Pg,, is the solar power absorbed by the sample
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Figure 6. Demonstration of a spectrally selective HTE. (a) Schematic
illustration of radiative cooling using an HTE with a PDMS coating.
“Ag grating” and “only PDMS” areas have relatively weak emissivity;
thus, these act as control groups. (b) Measured and simulated
emissivity spectra of the HTE, Ag grating, and only PDMS samples.
(c) Calculated cooling temperature of three cases as a function of
LWIR opacity based on the thermal equilibrium equation. The
nonradiative heat transfer coefficient, h,, ranges from S to 7.5 W/ m?/
K for a practical situation. (d,e) Logged temperatures of (d) HTE and
Ag grating samples in a humid day and (e) all samples in the
mMonsoon season.

per unit area, and hc(Tsample — Toubient) iS the nonradiative heat
exchange power including conduction and convection. The
four power terms are explained in detail in the Section 4.

Figure 6¢ shows the cooling temperature (i.e., Tymbient —
Tgmple) in terms of the LWIR window opacity ratio and
nonradiative heat exchange coefficient, h. The cooling
temperatures for the three samples are in the range of 5 < h,
< 75 W m™> K" This result theoretically supports the
conclusion that the cooling performance of the HTE with
PDMS encapsulation exceeds the other two samples under any
weather conditions. For a representative LWIR window case
considering clear and humid weather conditions, cooling
performances were calculated in terms of the cooling
temperature and power in detail (Figure S12).

The logged temperature results of the samples demonstrate
that the HTE with PDMS encapsulation has an exceptionally
increased cooling capability of ~4 °C subambient cooling due
to the highly selective strong emission in a humid day (Figure
6d). The measured results match well with the simulated
cooling temperatures at h. = 7.5 W m™> K™ and LWIR opacity
ratio = 0.5 for both the Ag grating and HTE with PDMS. In
addition, the three samples were compared simultaneously in a
monsoon season (Figure 6e), which is extremely humid
(relative humidity; RH: 91 — 94%). In this result, the HTE
with PDMS also demonstrates the most effective cooling
performance, and the results match with the simulated cooling
temperature at i, = S W m > K™ and LWIR opacity ratio =
0.8. Based on these calculation and measurement results, the
HTE with PDMS definitely is superior to other samples in a
clear day. Moreover, the selective emitter has advantages such
as thermoregulation in the winter season and efficient cooling
in urban areas because of its low absorption of ambient
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radiation.”” Also, replacing with a solar-transparent substrate
theoretically permits daytime radiative cooling (Figure S13).
The measurement details are explained in the Section 4.3.

3. CONCLUSIONS

In this work, we presented spatially and spectrally selective
emitters based on polymer hybrid spoof plasmonics and their
applications. Our IR emitter can function in these two modes
with the encapsulation of IR-transparent or IR-opaque
polymers such as SEBS or PDMS, respectively. Spectral and
modal analyses of the sSP resonance provide a design rule for
optimum HTEs. Based on the deduced design guidelines, we
fabricated HTEs with spatially resolved emission peaks in
specific areas and selective/wide near-unity emission within the
LWIR window. Finally, IR data encoding/decoding and
radiative cooling were demonstrated in these samples. The
IR encoding/decoding device can reveal and hide thermally
viewable data through coating and erasing a thin SEBS layer.
The radiative cooling device can significantly lower the object
temperature. These successful demonstrations show that the
proposed HTE is a powerful tool to tailor IR emission in a
spatially and spectrally selective manner.

4. EXPERIMENTAL SECTION

4.1. Optical Simulation. A rigorous coupled-wave analysis-based
commercial software (DiffractMOD, RSoft Design Group, Synopsys,
USA) was utilized to simulate the emissivity spectra in the IR range.
Electric field distributions were also calculated using this tool. In all
the simulations, a 0.1 nm square grid size and five harmonics were
used to numerically calculate the stable emissivity. Complex refractive
index dispersions for Si and PDMS were considered to obtain
accurate spectral results. The refractive indices were obtained from
previously published results.*’ In the simulation of SEBS, a constant
refractive index of 1.5 and a zero extinction coefficient were exploited
to mimic an IR-transparent layer. The Drude model was used for the
optical constants of Ag.

4.2. Characterization. The emissivity spectra were characterized
by measuring the reflectance spectra of the samples using a Fourier
transform infrared spectrometer (Spectrum Paragon, PerkinElmer,
Inc, USA) with an Au-coated integrating sphere to capture the
diffracted light. The infrared rays cannot pass through even a thin Ag
layer; hence, the emissivity spectra were derived from the measured
reflectance spectra (i.e, E = 1 — R). A scanning electron microscope
(SEM; S-4700, Hitachi Hi-Technologies, Japan) was used to observe
the HTE structures.

For the thermally encoded data measurement, the fabricated HTE
was placed on a hot plate at S0 °C before and after the SEBS coating
for supplying heat to the sample uniformly. The detailed encoded
pattern is shown in Figure S6a. A thermal camera (E6, FLIR Systems,
Inc,, USA) captured the sample surface. For the radiative cooling
temperature measurement, the back surfaces of the samples were
laminated with Cu foils of the same size as the samples. Between the
samples and Cu foils, adhesive temperature sensors (ST-50, RKC
Instrument Inc., Japan) were inserted and connected to a data logger
(RDXL6SD, Omega Engineering, USA). An ambient air sensor was
inserted in an Al box with air flow to measure the temperature of the
naturally convective air.

4.3. Thermal Equilibrium Equation. The thermal equilibrium
equation, Prad(Tsample)_PSun_Patm(Tambient) + Pion—raat = 0, Is
composed of the following four terms

2 /2 o
Prad(’l—;ample) = / / / IBB(’I;ample! )')
0 0 0

£(4, 0)cos(0)sin(0)dAdOd¢ (4)

2 /2 <3
Patm(’l;mbient) = A A A IBB(T;mbient’ /1)

e(4, 0)&,,(4, 0)cos(0)sin(0)dAdOd¢p (5)
Po= [ TLansee(h 0)da
sun A AMl.SG( )g( ) (6)
Pnon—radi = hc(T;ample - ’I;mbient) (7)

Here, Iy = (2hc?/A%)/[e/*T — 1] is the spectral radiance of a
blackbody at temperature T, where h, ¢, kg, 4, and h, are the Planck’s
constant, the velocity of light, the Boltzmann constant, the
wavelength, and the nonradiative heat exchange coefficient,
respectively. The atmospheric emissivity is given by &,,,(4, €) = 1
— (1)@ where t is the sky transmission calculated by
MODTRAN 6 using the conditions of an urban site at midlatitude
in summer. We did not consider Pg,, for the comparison of the LWIR
radiative powers.
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