Downloaded via BOSTON UNIV on December 18, 2018 at 22:53:30 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

| P hACSt i
: o on Ics @& Cite This: ACS Photonics 2018, 5, 3526—3533

pubs.acs.org/journal/apchd5

Indium Tin Oxide Broadband Metasurface Absorber
Sajan Shrestha, @ Yu Wang,i Adam C. Overvig,T Ming Lu,® Aaron Stein,® Luca Dal Negro,i’”’l

and Nanfang Yu*

"Department of Applied Physics and Applied Mathematics, Columbia University, New York, New York, United States

$Center for Functional Nanomaterials, Brookhaven National Lab, Upton, New York, United States

j]EDepartment of Electrical and Computer Engineering and Photonics Center, IDivision of Material Science and Engineering, and
J'Department of Physics, Boston University, Boston, Massachusetts 02215, United States

© Supporting Information

ABSTRACT: Metamaterials have been designed to achieve a
wide range of functionalities. Metamaterial absorbers are of
particular interest for various applications such as infrared
detectors, emissivity coatings, and photovoltaic cells. Various
metamaterial platforms have been demonstrated to achieve
perfect absorption and several attempts have been made to
extend the absorption bandwidth of such devices. We
demonstrate a broadband infrared absorber using an
asymmetric Fabry—Perot cavity consisting of a monolithically
fabricated two-layer metasurface. Superoctave optical absorp-
tion is achieved by tailoring the structure of the metasurface

Reflectivity (a.u)

1 mm

layers and the thickness of the cavity. The device yields absorptance of over 80% from A = 4—16 pum, while maintaining the
performance over a wide range of incident angles. In contrast to most metamaterial absorbers, our metasurface layers are made
of customized indium tin oxide (ITO), conferring the advantage of CMOS compatibility compared to previous approaches

using noble metals.
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Metamaterials and metasurfaces have generated great
interest as tools for studying novel electromagnetic
phenomena and have been used to demonstrate a wide range
of functionalities," such as wavefront engineering,z_4 optical
modulation,”® and perfect absorption. Metamaterial-based
electromagnetic absorbers in particular have applications in
solar energy harvesting,7_9 thermal imaging and sensing,10_13
and thermal emissivity control.'*™"” Toward these ends,
metamaterial platforms have been pursued to achieve near-
perfect absorbers in the solar spectrum,”'*™* as well as in the
infrared”"”* and terahertz>* spectral ranges.

Most metamaterial absorbers utilize inherent losses in
plasmonic** nanostructures to produce large absorption.
Plasmonic scatterers embedded in dielectric layers have been
reported””*® to achieve large absorption enhancement by
trapping incident solar radiation. Similarly, coupling light into
surface plasmon polaritons in structured metallic films is
known to induce large absorption.”” Tapering a stack of
alternative metal and dielectric films produces broadband
absorption via excitation of slow light modes.”*” Strong local
field enhancement in subwavelength plasmonic nanoresonators
with tailored electric and magnetic resonances is the most
widely used approach to enhance absorption and even achieve
near-unity absorption. This platform allows for great flexibility
in realizing polarization and incidence angle insensitive
absorbers for different wavelength ranges.”"***°~*
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While various perfect absorbers utilizing plasmonic nano-
resonators have been demonstrated, it is difficult to maintain
large absorption over a broad wavelength range due to the
limited bandwidth of plasmonic resonances. Multiband
absorption®*** has been demonstrated by combining different
types of plasmonic resonators within a subwavelength unit cell,
but the overall bandwidth of absorption is limited by the ability
to pack different resonators within a subwavelength period.
Multilayered structures®*” have been proposed as a solution
to this problem, but fabrication of such structures is tedious
and designs that can be realized with simpler nanofabrication
methods are generally preferred. To that end, a planar
structured plasmonic surface optimized by a genetic algorithm
to overlap multiple resonances over a chosen wavelength range
has been demonstrated®® to achieve near-unity absorption over
an octave bandwidth and maintained over a wide range of
incidence angles.

We report here an alternative strategy that, from first-
principles, can achieve large absorbance over a superoctave
bandwidth by replacing metallic plasmonic elements with
nanostructures made of an engineered indium tin oxide (ITO).
This material platform is chosen for its tunability of optical
response and CMOS compatibility. Our broadband absorbers
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Figure 1. Optical properties of ITO compared to Au and Ag. (a) Real and imaginary parts of permittivities. (b) Quality factor and skin depth of

tailored ITO material and noble metals (Au, Ag).
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Figure 2. Modeling the metasurface absorber as an asymmetric Fabry—Perot cavity. (a) The metasurface consists of a 2D subwavelength periodic
array of lossy rod antennas separated from its Babinet inverse by a dielectric spacer. (b) Overall reflection is approximately the sum of the direct
reflection from M1 and the reflection of light during a single round-trip pass through the FP cavity. (c) Amplitudes of the two reflected components
as illustrated in (b). The amplitudes are comparable within the shaded wavelength range. (d) The phase difference, A¢, between the two reflected
components as illustrated in (b). It is roughly 7 within the shaded wavelength range. (e) Comparison of reflectance, transmittance, and absorptance
spectra predicted by the analytical model for the asymmetric Fabry—Perot cavity (eqs 1—3) and those by FDTD simulations. Shaded region
represents the wavelength range over which high absorption is achieved due to a strong destructive interference between the two reflected

components.

consist of two Babinet-complementary metasurface layers
made of ITO and separated by a dielectric spacer. Each
metasurface layer acts as a mirror of a Fabry—Perot cavity. By
designing the spectral phase response of the two mirrors in
conjunction with the thickness of the cavity, we designed and
experimentally demonstrated super broadband absorbers
working over more than one octave bandwidth in the mid-
infrared.

ITO has been proposed as an alternative plasmonic material
in the near-infrared”” for various applications*’~** and recently
in the mid-infrared band as well. By varying the growth and
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annealing conditions, its optical properties can be tuned to
achieve a negative real part (¢’) and a small imaginary part
(¢"") of the dielectric permittivity in the infrared wave-
lengths.””** The ratio of the real to the imaginary part of
dielectric permittivity, which is often used as a figure of merit
to determine the quality factor of localized surface plasmon
resonance (LSPR) in plasmonic materials, is much larger for
noble metals than that for ITO® in the near-infrared, and
remains slightly greater than that of ITO in the mid-infrared.
This leads to a weaker but broader extinction spectrum for
plasmonic scatterers made of ITO as compared to those made
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of noble metals. Figure lab shows a comparison of the real
and imaginary parts of dielectric permittivity of noble metals
(Au and Ag) and the tailored ITO material we used in our
metasurfaces. While both the real and imaginary parts of the
permittivity are significantly larger for noble metals, the LSPR
quality factor of the noble metals is only larger than that of
ITO by a factor of ~2.

Another key material property that must be considered is the
optical loss. The plasmonic losses accrued depend on the
extent of penetration of light into a material, which is

quantified by the skin depth, § = #m[n], where n is the

complex refractive index. The skin depth of the noble metals is
compared with that of our ITO material in Figure 1b, which
shows that electromagnetic waves can penetrate through more
than 100 nm of our ITO material but are limited to less than
30 nm in the noble metals. Therefore, despite having much
smaller €”, due to the larger skin depth, ITO causes more
absorption losses of infrared light, while the noble metals
reflect most of the incident infrared light. Thus, by tailoring the
growth parameters,”® in particular, balancing the values of €’
and €'’, we can realize a material platform that can produce
broad resonances with large absorption.

The ITO thin films were deposited using RF magnetron
sputtering in a Denton Discovery 18 confocal-target system,
with an ITO (99.99% purity) target placed in argon
atmosphere at room temperature.” The base pressure was
1.0 X 1077 Torr and the argon gas flow was kept at 12 sccm.
The sputtering power was fixed at 200 W, and the thickness of
the deposited ITO thin films was measured to be 100 nm. We
performed postdeposition annealing of ITO in N, at 250 °C
for 60 min to tune the optical dispersion of ITO, which was
then characterized using a mid-infrared ellipsometer (see
Methods). The tunability of ITO optical dispersion with
respect to sputtering power and post annealing conditions is
shown in Supporting Information.

Broadband absorption in ITO has been reported before*” by
utilizing enhanced light matter interactions at epsilon-near-zero
(ENZ) wavelengths for a stack of thin films of ITO, each with
a different ENZ wavelength.”® However, this requires
excitation in an attenuated total reflection configuration and
the absorption occurs only around the ENZ wavelengths (1.3—
1.9 um). In contrast, we use a coating of ITO operating well
above the ENZ wavelength, which therefore does not rely on
the field enhancement associated with the ENZ condition and
hence can achieve enhanced absorption over a significantly
larger wavelength range by utilizing a structured ITO
metasurface.

In this paper, we report a super broadband metamaterial
absorber with absorptance values of over 75% spanning from A
= 4 to 16 um. We achieve large absorbance across the entire
band using a resonant cavity based on a dual-layer metasurface.
Two lossy ITO metasurface mirrors enclose a dielectric spacer
forming a Fabry—Perot (FP) cavity. By tailoring the electro-
magnetic response of the metasurface mirrors and thickness of
the cavity, we produce cavity resonances that satisfy the
destructive interference condition for reflected waves over a
large bandwidth.

Figure 2a depicts three layers that form the asymmetric FP
cavity. Metasurface 1 (M1) is a two-dimensional array of rod
antennas; its Babinet inverse, Metasurface 2 (M2) forms the
second mirror. Together they enclose a dielectric spacer of
thickness d and effective index n.g Each meta-unit that makes
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up these metasurfaces are deeply subwavelength and optically
thin. Additionally, the two metasurface layers are assumed to
operate independently (ie. there is negligible near-field
coupling due to the spacing between them). Hence, we can
treat these layers as optically thin interfaces with tailored
optical responses. The reflection and transmission coefficients
of the resulting cavity are respectively given by*’

_nt (tltll - "1"1/)"2/5_i5
B 1- rl’rz/e7i5 (1)
and
tit, e
- rl’rz’e_ia (2)
where & = M, r(t)) and r(t,) are the reflection

A
(transmission) coefficients of M1 and M2, respectively. The

primes represent the coefficients when the direction of
propagation is reversed. Overall absorptance,

®3)

can be calculated by obtaining properties of the constituent
layers by using finite-difference time-domain (FDTD)
simulations. A similar treatment of metamaterials as an
assembly of multiple metasurfaces has been reported
previously.””

The designs of the metasurfaces are aimed at suppressing
overall reflection and transmission. Direct reflection from M1
and the reflection from the FP cavity represent the two
channels contributing to the overall metamaterial reflection as
shown in Figure 2b. We employ a basic design principle aiming
to maximize the bandwidth over which the destructive
interference condition occurs: when the electromagnetic
waves corresponding to the two paths are equal in amplitude
and out of phase. We calculate the absorption spectrum of a
metasurface consisting of an array of ITO rod antennas (length
of 1400 nm, width of 400 nm, and thickness of 100 nm) as M1,
its Babinet inverse as M2, and a dielectric spacer (thickness of
1400 nm and refractive index of 1) using our model and
compare it with FDTD simulation of the same structure. The
exclusion of loss in the dielectric spacer (which is present in
the final device to be shown later) is found to make little
difference in the analytically calculated spectrum, which
demonstrates that the primary loss mechanism is due to M1
and M2. The transmittance through the device is small because
M2 acts as an excellent mirror. Figure 2c shows analytically
calculated amplitudes of the direct reflection from M1 and the
reflection from the FP cavity (assuming a single round-trip
pass through the cavity). Figure 2d shows the phase difference
between these two components, given by

A = arg(r) — [arg(t) + 2and /2 + arg(r)]

A=1— It - Ir?

The highlighted region in Figure 2c represents the
wavelength range where the amplitudes of the two reflected
components are comparable, while their phase difference is
close to 7. This will lead to strong destructive interference at
the reflection port and, as a result, large absorption over the
corresponding bandwidth. This is confirmed by our analytical
model (eqs 1—3) and FDTD simulations, which are presented
in Figure 2e. The model successfully reproduces reflection,
transmission, and absorption spectra obtained from FDTD
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Figure 3. Design and performance of a broadband polarization-dependent infrared metasurface absorber. (a) Top view of the unit cell of the
metasurface. (b) Cross-sectional view of the unit cell of the metasurface. (c) SEM image of a fabricated device (Scale bar: 2000 nm). Inset: one unit
cell (scale bar: 500 nm). (d) SEM image taken at an oblique angle of the fabricated device (scale bar: 1000 nm). (e) Measured and simulated
reflection, transmission, and absorption spectra of the metasurface absorber. (f) Simulated and measured absorption spectra at different incident
angles. (g—i) Spatial distributions of absorbed optical power on the plane of M1 (left) and M2 (right) at A = 4, 6.25, and 10 ym, respectively.

simulations, of the combined metamaterial, validating the
description of the device as an asymmetrical FP cavity.

We apply our understanding of the broadband absorption
process to design a device with large absorptance spanning
multiple octaves in the mid-infrared. We overlap resonances of
multiple ITO antennas of different lengths, each antenna
supporting a different resonance wavelength, and a corre-
spondingly different wavelength range over which the
destructive interference condition can be satisfied. Figure 3a
shows a single period of the unit cell of a polarization
dependent absorber with all the design parameters. This design
is based on three antennas of different lengths and is a simple
extension of the one based on a single antenna discussed
above. The cross-section of the unit cell illustrated in Figure 3b
shows that M1 and M2 are separated by an array of silicon
nanopillars with subwavelength periodicity, acting as the
dielectric spacer. The metasurface is fabricated on a Silicon
on Insulator (SOI) chip, which has a 2.2 um buried oxide layer
and a 1.4 um device layer. This design allows us to fabricate
both the ITO rod antenna array (M1) and its Babinet inverse
(M2) with a single lithographic and etch step followed by
deposition of a thin film of ITO and post deposition annealing
processes (see Methods, Nanofabrication). While the array of
silicon nanopillars is an unconventional choice for a spacer, it
can be modeled as a dielectric slab with an effective index due
to the deep subwavelength size of the constituent elements.
While not shown in Figure 3b, the side walls of the pillars are
covered with ITO due to the conformal nature of the
sputtering method used. This fact is taken into account in our
numerical simulations. The device parameters are determined
by optimization using FDTD simulations to obtain large
absorptance in the wavelength range of 4—16 ym. Keeping the
thickness of the ITO layer to be 100 nm, we simulate single
antennas of various lengths, widths, periodicities, and spacings
between its Babinet inverse. For the polarization-dependent
design, we search for a single antenna element that achieves the
largest absorption over the largest possible bandwidth using
FDTD simulations. We then supplement the first antenna by

3529

adding additional antennas of different lengths to increase
absorption in the wavelength ranges where the absorption
provided by the first antenna is weak, while keeping the cavity
spacing fixed. Since the cavity spacing has been fixed, the
absorption produced due to destructive interference resulting
from these new antennas at various wavelengths might not be
complete, leading to a slightly lower values of absorption.
Using this very simple scheme, we arrive at a three-element
unit cell with lengths, L, = 1450 nm, L, = 1250 nm, L; = 550
nm, widths, W = 400 nm, interantenna gap, D = 700 nm,
periods P, = 3600 nm, and P, = 1550 nm, and cavity spacing of
1400 nm (Figure 3a). SEM images of the fabricated device are
shown in Figure 3c,d.

We measure the reflection (R) and transmission (T) spectra
of fabricated devices using Fourier Transform Infrared (FTIR)
spectroscopy and calculate the absorption spectra defined by
eq 3. Both the reflection and transmission measurements are
carried out at normal incidence with linear polarization in the
direction along the antenna rod. The results of FTIR
measurements are plotted in Figure 3e along with the
corresponding results obtained from FDTD simulations. We
observe super broadband absorptance of over 75% across the
entire wavelength range of 4—16 um, a two-octave span across
the spectral region corresponding to thermal radiation. We also
fabricate and characterize periodic arrays of the individual
antennas that compose the polarization-dependent metasurface
absorber. The resulting spectra (see Supporting Information,
Figure S2) clearly show broad resonances centered at 4 = 6, 10,
and 13 pm supported by the arrays of antennas with length of
550, 1250, and 1450 nm, respectively, with a good agreement
with FDTD simulations. But the overall bandwidth of large
absorption is limited around these resonance peaks unlike the
broadband operation shown by the multiplexed design in
Figure 3a.

We calculate spatial distributions of absorbed power per unit
volume, P, o |EI%¢”, and the results are shown in Figure 3g—i.
We observe that absorption on the M1 layer (ITO rods) is
larger than that on the M2 layer (ITO apertures). This is
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expected since the M2 layer is not specifically designed to be
resonant at any wavelength and acts mostly as a mirror. We
also observe that light with longer wavelengths is primarily
absorbed by longer antennas and that the largest absorption
occurs at the edges of the antenna rods.

We conduct FDTD simulations to investigate absorption as
a function of incidence angle. Figure 3f shows that broadband
high absorption is retained for incident angles of up to 30° and
absorptance starts to decrease at an incident angle of 45°. We
have validated these numerical simulations with measurements
in the wavelength range of 4—11 um (see Methods for details).

Using the same design principles, we also demonstrate a
polarization-independent absorber. The unit cell of the
metasurface is shown in Figure 4a and consists of two types
of rod antennas arranged symmetrically with the following
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Figure 4. Design and performance of a broadband polarization-
independent infrared metasurface absorber. (a) Top view of the unit
cell of the metasurface. (b) Cross-sectional view of the unit cell of the
metasurface. (c) SEM image of a fabricated device (scale bar: 1000
nm). Inset: one unit cell (scale bar: 300 nm). (d) SEM image taken at
an oblique angle of a fabricated device (scale bar: 1000 nm). (e)
Measured and simulated reflection, transmission, and absorption
spectra of the metasurface absorber. (f) Simulated and measured
absorption spectra at different incident angles. (g, h) Spatial
distributions of absorbed optical power on the plane of M1 (left)
and M2 (right) at 4 = 5.96 and 12 um, respectively. Polarization of
incident light is along y-axis.

parameters: L = 520 nm, W = 300 nm, D = 400 nm, and P =
1200 nm. The vertical cross-section of the unit cell is shown in
Figure 4b, where the cavity spacing is again 1400 nm. Figure
4c,d show SEM images of a fabricated device. Figure 4gh
shows the spatial distributions of absorbed power of the
polarization-independent unit cell at 4 = 4 and 12 pum,
respectively. We see strong absorption around the region
where the horizontal and vertical antennas meet for both
wavelengths on both the M1 and M2 planes. The central
square antenna primarily absorbs light of shorter wavelengths.
Unlike the polarization-dependent design, the power absorbed
in the M2 layer is comparable to that absorbed in the M1 layer.

Measured spectra of the polarization-independent metasur-
face absorber are shown in Figure 4e. In this case, we use
unpolarized light as the source of illumination. We observe a
large absorption of greater than 80% over the entire
wavelength range of 6—16 ym. The overall performance of
the fabricated device agrees with FDTD simulations, and we
attribute the discrepancy in the position of some resonances to
fabrication errors. Similar to the polarization-dependent unit
cell, this design maintains broadband high absorptance for
incident angles of up to 30° as shown by FDTD simulations
and experiment in Figure 4f. Note that we obtain such
performance without using complex optimization schemes for
the design and complicated device fabrication techniques.

We further investigate the thermal emissivity of the
fabricated metasurface absorbers using a thermal camera.
Emissivity of samples can be obtained by heating the samples
with a reference material with known emissivity. At thermal
equilibrium, the temperature reported by the thermal camera
must be the same for both materials, which serves as a method
to solve for the emissivity of the unknown sample. Note that,
for accurate measurements of sample temperature, external
contributions (i.e,, ambient thermal radiation reflected from
metasurface absorbers and thermal radiation generated by
imaging optics) must be subtracted from the total thermal
radiation impinging on the camera sensor (see Methods and
Supporting Information, Figure S3a for details).

The thermal images of the devices heated to 150 °C are
shown in Figure Sa (see Figure S3b for thermal images of
samples at room temperature) where the metasurface
absorbers are the regions with bright yellow coloration.
Thermal image of the reference (see Figure S3c) material
(black electrical tape) gives us a reference temperature (Tg) of
110 °C. Figure Sb shows plots of calculated temperature as a
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Figure 5. Emissivity measurements using a thermal camera. (a)
Magnified thermal image of devices where T, and T, representing
temperatures of the metasurface absorber and the unpatterned ITO
film, respectively. Scale bar: 200 ym. (b) T, and T, as a function of
emissivity.
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function of emissivity for spots on the metasurface absorber
(T,) and the ITO thin film surrounding it (T,) in Figure Sa.
The emissivity values that return Ty are the correct value of
emissivity for the two spots. We observe from the figure that
emissivity of our metasurface absorbers is >0.8 and that of the
unpatterned ITO film is around 0.3. These values agree
qualitatively with absorptance values retrieved from the FTIR
measurements.

In conclusion, we have experimentally demonstrated super-
broadband metasurface infrared absorbers based on engineered
ITO that maintain large absorptance and broadband perform-
ance over a wide range of incidence angles. The engineered
optical properties of ITO enable the creation of metasurfaces
that have broad antenna resonances. We developed an
asymmetric Fabry—Perot model to describe the operation
principle of our absorbers as a pair of metasurfaces acting as a
broadband cavity. Results of the model agree well with FDTD
simulations. We used the simulation results to optimize the
unit cell of the metasurface absorber and experimentally
achieved over 80% absorptance in the entire 4—16 um
wavelength range, a significant improvement over similar works
reported previously. Using FDTD simulations, we showed that
this performance is maintained for a wide range of incidence
angles (£30°). We have thus successfully demonstrated an
alternative method of achieving super broadband absorbers of
infrared light using ITO with engineered optical properties.
Using thermal imaging techniques, we also obtained thermal
emissivity of our fabricated devices. Our approach opens up
new possibilities of realizing active optoelectronic devices
operating in the mid-infrared such as active thermal emitters
and imaging sensors that can be fabricated using CMOS
compatible techniques.

B METHODS

Numerical Simulations. Finite-difference time-domain
(FDTD) simulations of various unit cell designs were carried
out using Lumerical FDTD Solutions. We used periodic
boundary conditions in x and y and perfectly match layer
(PML) conditions in z for all simulations. Material properties
obtained from mid-IR ellipsometry (IR-VASE) were used to
simulate the tailored ITO films. The Palik library was used to
simulate the dispersion of silicon and silicon dioxide. We
obtained reflection (R) and transmission (T) spectra from the
simulations of the unit cells and calculated the absorption
using the relation A=1—- T — R

To obtain absorptance at non-normal incidence, Broadband
Fixed Angle Source Technique (BFAST) was used in the
FDTD simulation, which removes the wavelength dependence
of injection angles from the simulation.

Angular Reflectivity Measurements. The Fourier Trans-
form Infrared (FTIR) spectroscopy system we used for
measurement at normal incidence cannot perform similar
measurements at non-normal incidence. We built a separate
setup for those measurements, which uses a tunable Quantum
Cascade Laser (QCL) as the source. The laser (MIRcat
—1400, Daylight Solutions) has three tunable QCLs operating
in the wavelength range of 3.94—4.39, 6.89—9, and 7.96—11
um, respectively. We are therefore limited from conducting
angular measurements beyond 11 ym. The light from the laser
is focused onto the sample using an off-axis parabolic mirror of
an effective focal length of S0 mm. The sample is mounted on
a stage capable of rotating about a central axis. The reflected
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light is measured using a power meter (Ophir Optronics
Solutions).

Nanofabrication. The metasurface absorber was fabricated
on a silicon-on-insulator substrate with the device layer of 1400
nm and a buffered oxide layer of 2200 nm. Double layer
PMMA 495 K A4 and 950 A2 were spun on the chip at 4000
rpm for 60 s and baked at 180 °C for 8 and 2 min, respectively.
The unit cell patterns were defined on the resist layer using a
JEOL JBX-6300FS electron beam lithography system. After
development of the resist in 3:1 isopropyl alcohol (IPA)/
deionized water (DI) solution for 2 min, 40 nm of chromium
was evaporated on it using electron beam evaporation and
followed by lift-off in Remover PG. The pattern was finally
transferred to silicon by inductively coupled plasma etching in
a mixture of SF, (40 sccm) and O, (16 sccm) at —100 °C. The
chromium hard mask was wet etched in Transene. Finally, 100
nm of ITO was deposited using RF magnetron sputtering in a
Denton Discovery 18 confocal-target system, with ITO
(99.99% purity) target in Ar atmosphere at room temperature.
The property of the deposited ITO was then tuned by
postdeposition annealing using a Mellen thermal furnace at
250 °C for 1 h in nitrogen atmosphere.

Characterization. ITO films grown under various growth
and postannealing conditions were characterized using a mid-
infrared J. A. Woollam variable angle spectroscopic ellips-
ometer (VASE). The reflection and transmission spectroscopic
measurements were carried out using a Bruker Scientific Vertex
70v Fourier transform infrared spectrometer equipped with a
globar source and a liquid-nitrogen-cooled Mercury Cadmium
Telluride (MCT) detector (1 = 2.5—16 um).

For emissivity characterization, fabricated devices were
imaged using a thermal camera (FLIR T640) equipped with
a Germanium zoom-in lens. A zinc selenide (ZnSe) lens
(Thorlabs) with 0.42 NA was used between the sample and the
camera for magnification.

The total thermal radiation received by the camera is given

by

T/Vtot = Teso.T: + T(l - €s)O-Ta4 + (1 - 7'-)o.Tlins (Ml)

where €, is emissivity of the sample, T, T, and T, are,
respectively, temperatures of the sample, ambient, and ZnSe
lens; o is the Stefan—Boltzmann constant; 7is the power
transmissivity of thermal radiation through the ZnSe lens and
is taken to be 0.8. The first term on the righthand side of eq
MI represents thermal radiation generated by the sample and
transmitted through the ZnSe lens; the second term represents
ambient thermal radiation reflected by the sample; the third
term represents thermal radiation from the ZnSe lens itself.
The camera reports temperature of the sample by solving T
from the above equation, that is

w 1/4

T = % - T(l - es)T: - (1 - T)Tlins

S

T (M2)
We used the following three steps to derive the emissivity of
our samples.

Step 1: Experimentally obtain T,: The primary
contribution to the ambient radiation is thermal
radiation generated by the thermal camera, because of
its close proximity to the sample. Therefore, we shall not
take lab ambient temperature 25 °C as T,. To
experimentally determine T,, we used a flat silver mirror
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as the sample and placed it on a hot plate set to 150 °C.
The camera was focused onto the surface of the mirror.
The latter has near-zero emissivity; therefore, the
reading of the thermal camera only has two contribu-
tions:

= TO'Ta4 + (1 - T)O'Tf:ns

WAgkmirmr (M3 )

We measured T, to be 35 °C and the reading from the
thermal camera gives us T:
WAg_mirror

T =

a

ot (M4)
Step 2: Experimentally obtain T: We replaced the silver
mirror from the hot plate with our sample. A piece of
black electrical tape with an emissivity of €, = 0.97 was
attached to the top surface of this sample. We assumed
that eventually the tape reaches the same temperature as
that of the sample, T,. T, obtained from Step 1 was input
into the camera, which calculates T, (see Supporting
Information, Figure S3c) using an equation similar to eq
M2:

1/4

Wape
T = - T(l - etape)T: - (1 - T)Tltns

S

etapeT
(Ms)

Step 3: Experimentally obtain €, emissivity of the
metasurface absorbers: We input a series of €., ranging
from 0.2 to 1.0, into the thermal camera, which produces
a corresponding series of temperature using

1/4

w,
)Ta4 - (1 - T)Tlins

meta T(l _ emeta
T =

S

€ T

meta

(M6)
The value of €, that yields the same temperature as
that of the black tape, T, obtained in Step 2, should be

the real thermal emissivity of the metasurface device
(Figure Sb).
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