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ABSTRACT: Precise control and stabilization of the operating
temperature environment of spacecraft and satellites during their life
cycle is of paramount importance to increase device reliabilities and
reduce the thermomechanical constraints. Optical solar reflectors are the
physical interface between the spacecraft and space, and they are
broadband mirrors for the solar spectrum, while having strong thermal
emission in the mid-infrared part of the electromagnetic spectrum.
Strong light—matter interactions in metamaterials and metasurfaces offer
significant advantages compared to the conventional methods in
performance, weight, launch, and assembly costs. However, the
fabrication complexity of these metastructures due to necessitating
lithography hinders their upscaling, reproducibility, large-area compat-
ibility, and mass production. In this regard, we propose a facile,
lithography-free fabrication route, exploiting oblique deposition to
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design a metasurface based on disordered and densely packed Indium Tin Oxide (ITO) nanorod forests. The excellent
light trapping capability of the nanorod forests, randomness in the geometrical dimensions of these nanorods, combined with
the lossy plasmonic nature of ITO in the thermal-infrared range led to strong coupling of thermal radiation to broad plasmonic
resonances and, consequently, an experimental emissivity of 0.968, in a very wide range from 2.5 to 25 um. In the solar
spectrum, the low-loss dielectric characteristic of ITO resulted in an experimental solar absorptivity as small as 0.168. Our
proposed design with high throughput, robustness, low cost, and high performance, therefore, shows great promise not only for
space missions, but also for promoting environmentally friendly passive radiative cooling for our planet and thermal imaging in

the field of security labeling.
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T emperature stabilization and its uniform distribution are
vital for spacecraft and satellites because most of their
components become less reliable when operated outside of
their acceptable temperature range. Propellant freezing,
thermal cycling damage to the equipment, and instrument/
antenna/camera misalignment are additional issues to be
avoided during all of the mission phases.' > The coating
system called Optical Solar Reflectors (OSRs), which are
secondary-surface mirrors, therefore, play a crucial role for the
optimum performance of spacecraft and satellites and success
of their missions.'"® OSRs simultaneously minimize the direct
and indirect solar energy input to the spacecraft while passively
emitting the thermal energy generated on the board. OSRs are
then required to have a small solar absorptance (a,) over the
blackbody radiation spectrum of sun at 5778 K, corresponding
to the ultraviolet (UV), visible (VIS), and near-infrared (NIR)
parts of the electromagnetic spectrum. Concurrently, OSRs
should have a large thermal emissivity (¢;z) in the mid-infrared
(MIR) and far-infrared (FIR) parts of the spectrum (thermal-
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infrared) related to the blackbody radiation at room temper-
ature, 300 K. OSRs can be regarded as spectrally selective
filters, that is, they are broadband mirrors in the solar
spectrum, but perfect absorbers in the thermal infrared. A
Figure of Merit (FoM) for an OSR can, therefore, be defined
as €p/a, Another critical consideration for an OSR is the
stability over the course of the mission. This is because an OSR
is affected during their missions by contamination, high-
vacuum, UV radiation, and charged particles. The general
result is an increase in o, with a negligible effect on €. There
are different strategies and material choices to design an OSR,
and they can be classified under two categories: conventional
methods of usin% white paint, second-surface mirrors using
quartz or Teflon;'  and metamaterial-based solutions.”®
Under the category of conventional methods, white color is
often painted on the exterior surfaces and radiators of a
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Figure 1. Schematics of Devices 1 and 2 and the parameter sweeps on the geometrical dimensions of Device 2. (a) Device 1 to achieve broadband
absorption in thermal-infrared and broadband reflection in solar spectrum. (b) Device 2 to test the effect of geometrical dimensions of a nanodisc
on absorption spectrum, thermal emissivity, and solar absorptivity. (c) Top-view of Device 2, showing the geometrical parameters in detail.
Absorption spectrum of Device 2 under varying (d) nanodisc radius, r, (f) thickness of nanodiscs, h, and (h) thickness of the SiO, spacer, tg,.

OSR parameters Device 2 when (e) r, (g) h, and (i) tsi0, are changed.

spacecraft due to having a large e/a; ratio. However, these
paintings are very prone to environmental degradation due to
UV radiation that darkens the pigments.' > Second-surface
reflectors based on silver (Ag)- or aluminum (Al)-backed
quartz films combine the high reflection of the metal layer with
the strong absorption/emission of quartz in the thermal
infrared to achieve very high ep/a,. In addition, quartz is
highly insensitive to UV radiation and darkening, so it has very
stable thermo-optical properties. Nevertheless, having large
emissivity in the thermal infrared range requires using thick
tiles of quartz ranging from 250 ym to a few cm. Moreover, the
rigid and brittle tiles are prone to breaking while handling and
are inflexible. This adds significant weight and, consequently,
launch and assembly costs for the spacecraft. The other type of
secondary-surface mirrors replace quartz with fluorinated
ethylene propylene (FEP) Teflon film. The resultant Ag/FEP
and Al/FEP materials provide flexibility and an excellent
beginning-of-life e/, ratio. However, FEP is highly
susceptible to degradation during its lifespan, primarily due
to charged-particle damage and atomic oxygen. This makes the
lifespan of Ag/FEP and Al/FEP materials shorter compared to
quartz tiles. > Thus, the conventional methods cannot
simultaneously offer high performance, low weight, and the
associated costs at the same time.

The advances in nanofabrication in the last few decades
provided the opportunity to observe strong light-matter

1813

interactions in synthetic, man-made materials known as
metamaterials whose subwavelength inclusions offer exotic
properties, such as negative refraction,”® artificial magnet-
ism,”° asymmetric transmission,'"'* cloaking,lz"14 and las-
ing.'>'® Their subwavelength thick counterparts, which are
called metasurfaces, are also finding increased applications in
ultrathin flat lenses, spatial light modulators, spectral filters,
and polarization control.'”~** Strong light—matter interactions
also enable the harvesting of the confined electromagnetic
radiation by an absorbing layer such as metals, or semi-
conductors, which could lead to the realization of perfect
absorption of light.”>*® This resonant response can be
narrowband, which has applications in sensing, imaging, and
color ﬁltering.27_35 On the other hand, their broadband
counterparts are promising in the areas of thermal photo-
voltaics,*®>” hot-electron-based photodetectors,38’39 and, in
most relations to OSRs, radiative cooling.5’6’4o_45

Attempts on achieving broadband absorption mostly focused
on metal—insulator—metal (MIM)-based cavities, with top-

. 6, . 8,
metal layer patterns of trapezoids,**’ nanodiscs,"**" pyr-
) . 1 Py .
amids,”’ gratlngs,5 nanopatches,5 4 multiple narrowband
5761

resonators,”® elongated shapes,”® and tapered structures.
Nonetheless, the broadband absorption comes at the expense
of requiring a lithography step during fabrication. This
constitutes a major complication when applications for
spacecraft coating are considered, due to not being large-area
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compatible, and not offering mass-production with high-
throughput, upscaling, and repeatability. One solution to this
problem can be utilizing planar multilayer designs.®*™®°
However, these designs only rely on interference and having
a broad absorption in thermal infrared may require multiple
deposition cycles with large thickness, resulting in bulky
devices. As an alternative method, disorder and randomness
are shown to result in a broader absorption spectrum
compared to planar designs, which is due to the light trapping
and confinement in nano units, as well as exciting multiple
resonances whose superposition contribute to a broad
response.””’" Nevertheless, these designs require multiple
fabrication steps and utilize slow chemical processes, so there is
still room for improvement in achieving disorder and
randomness in the devices with higher throughput. OSR
applications also place major restrictions on the material
choices because the requirement of simultaneously realizing
solar reflection and a broadband absorption in thermal
infrared.

Recently, transparent conductive oxides (TCOs), such as
indium tin oxide (ITO), Aluminum-doped ZnO (AZO) and
gallium-doped ZnO (GZO) emerged as strong candidates for
infrared plasmonics, while being highly transparent in the solar
spectrum.”’ "7 Their relatively high loss in thermal infrared
promises plasmonic resonances with low quality factors and a
broad absorption spectrum. Conversely, their low-loss
dielectric response in the visible range would not contribute
significantly to absorption. This means high e, but low a; are
simultaneously achievable. Indeed, an AZO-based OSR with a
square-shaped unit cell is recently demonstrated’ with an €/
a, ratio as high as 4.9, although electron-beam lithography
(EBL) is employed in the fabrication. As a result, a
lithography-free route is still sought for large-scale compati-
bility.

In the present paper, we use disordered and densely packed
Indium Tin Oxide (ITO) nanorod forests as the top layer of a
metal—insulator-oxide cavity. The outstanding light trapping
capability of the scaffold increased the residing time of thermal
radiation in the device. This trapped light is then harvested by
the hybrid system of ITO and SiO,. As a result, perfect
broadband absorption over the entire thermal-infrared, ranging
from 2.5 to 25 um is achieved and the experimental €}y reached
as high as 0.968. At the same time, solar absorptance, ¢, is also
minimized to an experimental value of 0.168, owing to the low-
loss dielectric characteristic of ITO in this spectral range. In
fabricating the nanorod forests, we exploited the inherent line-
of-sight type coating of Physical Vapor Deposition (PVD)
systems, such as thermal evaporator and sputtering,”® to
eliminate the need for lithography. In the method, which is
known as oblique-angle deposition,”””** the substrate is placed
at an angle to the source, enabling the creation of quasi-3D
structures®™®* with drastically different properties.”~*" The
paper is organized as follows: In the first part of this paper, we
utilize the finite-difference-time-domain (FDTD) method to
numerically investigate broadband light absorption in thermal-
infrared and broadband reflection in solar spectrum, in a
metasurface comprised of periodic nanodiscs. We scrutinize
the effects of the geometrical dimensions of a single nanodisc,
and cavity thicknesses on absorption spectrum, €, @, and
FoM, to shed light on optimizing the actual device. In the
second part, we demonstrate our oblique-angle deposition
strategy in detail and present the experimental results for the
optimized OSR. We compare these results with the numerical
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results of the periodic disc design and experimental results for
designs utilizing planar ITO. Overall, our robust, large-area
compatible and ultrahigh performance OSR holds great
promise in not only space missions, but also in radiative
cooling and thermal imaging.

B RESULTS AND DISCUSSION

Theoretical and Numerical Design and Optimization
of the OSR Metasurface. Our proposed device in Figure la
is designed to obtain the required spectral response of an OSR,
that is, broadband reflection in the solar spectrum, while
achieving broadband absorption in the thermal-infrared, due to
its highly diffracting/scattering and electromagnetic wave
(EMW) trapping nature. This proposed structure, which we
call Device 1, consists of a metal—insulator-oxide (MIO)
cavity, where a thick metal back-reflector, aluminum (Al), is
used to redirect the otherwise transmitted EMWs back into the
cavity. The spacer, SiO,, is used to create the necessary phase
accumulation to redirect the EMWSs mostly to the top
absorbing layer of our MIO cavity, which makes use of ITO
nanorods. We also outlined the reasons of picking these
materials in more detail in the Supporting Information. ITO is
a plasmonic material in the thermal-infrared, so the nanorods
can be used to excite localized surface plasmon resonances
(LSPRs). LSPRs define the nonpropagating excitations of the
conduction electrons that are coupled to the incident
electromagnetic radiation. When the nanoparticle dimensions
become comparable to wavelength, the plasmons are confined
to the surface of nanoparticles and the collective harmonic
oscillations result in a dipolar response with a specific
resonance wavelength. The resonance wavelength and its Q-
factor are highly related to the morphology (size, shape,
spacing, and density) of the nanostructures.”® Therefore, in
understanding the operation of Device 1, it is pivotal to first
grasp how individual nanorod dimensions and the cavity
thickness affect the spectral response as well as the OSR
parameters, €jp, @ and €1p/

To understand how the performance is affected by the
geometrical parameters, we initially scrutinized the LSPRs
supported by nanodiscs/nanorods of radius r, thickness , that
are periodic in two directions with a period of P, when the
spacer thickness is chosen as tg, . We name this testing device

as Device 2, whose schematic is shown in Figure 1b, and its
unit-cell from the top view is shown in Figure lc. To clarify the
difference between Devices 1 and 2, Device 1 is the device that
will be fabricated and characterized in the upcoming parts of
this paper. It has nanorods whose size, shape, radii, and spacing
are defined randomly during the fabrication, while h is
controlled by deposition rate and time. On the other hand,
Device 2 has periodic nanodiscs with precise radii and spacing,
which can be controlled by EBL. It is defined to compare the
optical performance of a patterned top layer to that of Device
1.

In the numerical analysis of Device 2, we utilize finite-
difference-time-domain (FDTD) simulations. Details of the
simulation setup are outlined in the Experimental Section.
With the aid of FDTD method, we calculated the spectral
absorption, A(4,T), of Device 2. Based on the calculated
absorption data and the spectral radiance B(4,T), given in eq 1,
the ep and a; values are calculated based on eq 2.
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B(/l; T) - j’5 ehc/lka _1 (1)
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€Ry A = — 7
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where h, ¢, and k, are Planck’s constant, speed of light in
vacuum, and Boltzmann constant, respectively. The integration
limits A, and A, are taken as 300—2500 nm and 2.5—25 pm,
respectively, for the solar spectrum and thermal infrared. 4 is
the spectral wavelength and T is the temperature, which is
5778 K for solar spectrum and 300 K for the thermal radiation.
Equation 2 then represents the spectrally weighted absorbance
of the metasurface OSR. In the numerical simulations, the
dispersion effect of Al, SiO,, and ITO are retrieved with
ellipsometry measurements, and they are plotted in Figure S4.

We first fixed t, at 125 nm (throughout this paper), P at
1100 nm, h at 50 nm, tsio, at 2000 nm, and swept r. Our

primary purpose in these set of simulations is to find out the
effect of the density or fill factor of the nanodics in the
absorption spectrum and the OSR parameters. In Figure 1d we
show the spectral response of Device 2 for different values of r.
First, it is seen that the high-loss plasmonic optical nature of
ITO in thermal infrared results in a broad absorption
spectrum, while in the solar spectrum, the oscillations in
absorption corresponds to response of a Fabry-Pérot cavity,
due to ITO’s low-loss dielectric nature. Figure le shows how
OSR parameters respond to changes in r. In the thermal-
infrared, it is evident that, as the nanodiscs get closer to each
other with decreasing r, in other words, as the discs become
denser, their “interconnectedness” increases and the coupling
of dipole oscillations become stronger,” and broad LSPRs can
be supported. In the solar spectrum, an increase in r
corresponds to a larger fill factor of ITO compared to vacuum,
so the dielectric losses increase. The increase in the a,,
nevertheless, outweighs the increase in €, so the FoM, e/ a;
is essentially larger for the more isolated nanodiscs. We also
varied the periodicity, P, of the unit cell with a fixed h of 50
nm, tgo of 2000 nm and r of 200 nm. Our treatment based on

the density of the nanodiscs also held true for the variable
periodicity, and the results are demonstrated in Figure S5a,b.

Next, we investigated the role of height of each nanodisc in
the absorption spectrum and the OSR parameters. For this
purpose, we kept P at 1100 nm, r at 500 nm, tsio, at 2000 nm,

and swept h. We preferred to keep the nanodiscs densely
packed as it imitates our proposed densely packed nanorods
better. The absorption spectrum for different values of Figure
1f shows that, in the solar spectrum, the height causes an
increase in the absorption because the EMWs interact more
with ITO before reaching the cavity. In thermal-infrared
though, longer nanodiscs caused a decrease in the absorption
strength, as the strength of EMWs reaching to the cavity is now
reduced, and reflection due to ITO is increased.”® The OSR
parameters based on our findings is plotted in Figure 1g, which
clearly shows that a thin layer of ITO is beneficial for both €
and a,, consequently, for the figure of merit as well.

The cavity thickness, tg is of fundamental importance in

an MIM cavity configuration. For our design, we used a
Salisbury screen configuration,” with a thickness of 4,/ 4ngi0,

where ng, is the real part of the complex refractive index of
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SiO,. Due to transmission-line theory’’ and the quarter-
wavelength separation of the aluminum ground plane from the
ITO layer, the former acts an open circuit at the position of the
latter. It is in this way that matching the impedance of ITO
layer to free-space is sufficient to achieve perfect absorption.
However, in the case of our metasurface OSR, SiO, has a
strong dispersion in the thermal-infrared due to phonon
vibrations around 10 and 20 um, as visible in Figure S2. This
strong dispersion in ngo, means tgo = Ao/ 4ngo, will be a
greatly varying value in the thermal-infrared. Moreover, the
resultant Reststrahlen bands show an increased reflectivity in
the thermal-infrared, which is detrimental to €.

To optimize the cavity thickness based on these consid-
erations, we kept P at 1100 nm, h at 50 nm, r at 500 nm, and
swept fg . Absorption spectrum in Figure 1h clearly shows

that the cavity resonances evolve to larger wavelengths as we
increased fg . While smaller cavity thicknesses (750—-1250

nm) supported the resonances in the S—10 ym range, the
thicker cavities (1500—2500 nm) supported LSPRs in the 20—
30 pm range. Resonances around 10—15 um are supported for
all of these thicknesses. To find the optimum cavity thickness,
the spectral overlap of A(A4,T) with the thermal-radiation
spectrum, which peaks around 10 pm, is of most importance.
The calculation results for the OSR parameters are outlined in
Figure li. In Figure 1j, it can be observed that e is almost
constant for a wide range of 1.5—2 ym, while the fringes in a;
is again related to the Fabry-Pérot cavity. As a result, the FoM
also has fringes. Another important consideration for an OSR
in space missions is its spectral response under obliquely
incident radiation. To scrutinize this, we explored how Device
2 responds to obliquely incident radiation, and the results are
plotted in Figure SSc—f.

Overall, this numerical analysis of Device 2 shows that it can
support broad LSPRs in the thermal-infrared and reach a
moderate FoM of 4.5 at the cost of requiring a throughput-
limiting lithography step. Moreover, Figure 1d, f, and h all
demonstrate the main limiting factor associated with Device 2
in achieving larger FoM. Device 2 has a highly ordered ITO
pattern, so its diffracting/scattering and EMW trapping
features are poor. This causes a significant portion of the
EMWs to be reflected by SiO, at the Reststrahlen bands. These
back-reflected EMWs cannot be efficiently retrapped by the
ITO layer and, consequently, they leave the device without
being harnessed. In these spectral regions, the EMW-ITO
interaction is inherently limited and most of the absorption is
due to absorption of the EMWs in the SiO, layer. This will be
analyzed in further detail in the next part of the paper. As a
result, better trapping and harvesting of this reflected radiation,
while not increasing the solar absorption, is pivotal to achieve
an FoM that is competitive to existing OSR solutions.

Fabrication and Characterization of the Metasurface
OSR with Disordered and Densely Packed ITO Nano-
forests as the Top Layer. The results of the previous
subsection show that there is significant room for increasing €z
above 0.8, while keeping o, at a low value. This can be
achieved by using a thin layer of disordered and densely
packed ITO nanorod forests. For this aim, we fabricated
Device 1 with the procedure outlined in the Experimental
Section. The fabrication step with the most significance is
realizing the top-ITO layer. To achieve it, we utilized a
sputtering system but placed our samples at an oblique-angle
to the ITO target. Such a deposition scheme is known as
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Figure 2. Fabrication of the metasurface OSR and the formation of ITO nanoforests. (a) Placement of samples in the sputtering chamber before
coating of ITO. (b) Schematic illustration of line-of-sight coating in a sputtering system and the formation of tilted nanowires. (c) Low and (d)
high resolution top-view SEM micrographs of one of the fabricated devices. (e) Cross-sectional SEM image of a sample metasurface OSR.
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Figure 3. Optical characterization of the fabricated devices with disordered ITO nanorods, comparisons to numerical simulations of Device 2 and
experimental results of a planar design, and physical explanations on € enhancement in the proposed device. (a) Experimental absorption results
for Device 1 with h = S0 nm and g5 =2 pm compared to the numerical simulations of Device 2 with the same / and tg(,. (b) Experimental

absorption result for Device 1 with h = 30 nm and g, = 2 pm compared to the numerical simulation Device 2 with the same h and £, (c)

Experimental absorption result for a planar device with h = 50 nm and fg;5 =2 pm compared to numerical simulations for the same device. (d)
Comparison of the absorption spectra of the planar device and Device 1 with h = 50 nm and tgq, =2 pm. (e) Contribution of each layer to the

absorption in thermal-infrared. (f) Localization and enhancement of electric-field between nanodiscs of P = 300 nm, r = 142.5 nm. (g) |EI*/IE,*
value recorded at a planar ITO layer. (h) Near-field enhancement, |EI*/IE,|* values as a function of gap size between nanodiscs. In (£), (g), and (h),
the IEI?/IE,I* values are recorded at 15 ym and at the midgap position.

oblique-angle deposition, and it combines the inherent line-of-
sight coating of PVD systems with shadowing to achieve quasi-
3D nanosized columnar fills with an intrinsic tilt and porosity.
Figure 2a shows placement of two samples in the sputtering
system. While sample 1 is placed at an oblique angle to the
ITO target, sample 2 is placed in an ordinary manner for
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planar deposition, which is used for comparison purposes and
for extracting the dielectric permittivity of ITO. The inset of
Figure 2a shows the placement of samples in the sample holder
plate and the special FR-4 apparatus that we designed to place
the oblique-angled sample.
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In the oblique-angle deposition, a standard planar thin-film
deposition, as in Sample 2, is transformed into a preferential
deposition of random nucleation sites, formed during the
initial stages of deposition. Continued deposition results in the
deposition on these nucleation sites, while no deposition takes
place in the shadowed regions. Consequently, disordered and
densely packed nanocolumns emerge and they are intrinsically
tilted toward the source. Such a process flow, along with an
equivalent picture, is illustrated schematically in Figure 2b. The
formation of such nanorod forests is verified by using planar
and cross-sectional scanning electron microscopy (SEM)
micrographs, as presented in Figure 2c, d, and e, respectively.
The device in these figures has a 400 nm coating of ITO
(which is larger than the devices to be mentioned later in this
paper) in order to better demonstrate the details of the
nanoforests, as well as the tilting of nanowires toward the
source.

In finding the reflection spectrum of the fabricated devices,
measurements in the UV/VIS/NIR ranges are carried out in a
total reflection spectrophotometer. In the thermal-infrared, the
Fourier Transform Infrared Spectroscopy (FTIR) technique is
utilized, and the details for optical characterization are given in
the Experimental Section. The absorption spectra for the
fabricated devices are then found by A =1 — R

In our initial set of fabrication and experiments, we
fabricated Device 1 with the thickness of the ITO layer as
50 nm and the SiO, thickness as 2 pm. The experimental
absorption spectrum of this device, in comparison to the
FDTD simulations of Device 2 using periodic discs of 50 nm
thickness, is presented in Figure 3a. In the FDTD simulations,
the periodicity of the discs is set as 1100 nm and its diameter is
1 pm. The result in Figure 3a demonstrates a remarkable
enhancement of light—matter interaction in Device 1
compared to Device 2 and, consequently, ultrabroadband-
absorption in the thermal-infrared, resulting in an outstanding
€r of 0.962.

From the space missions perspective, it is equally important
to keep a, within acceptable limits while increasing €. It is
critical to mention that our designed scaffold with high
diffraction/scattering and light trapping also means solar
radiation interacts more with the low-loss dielectric ITO,
which may result in higher a,. To alleviate this, a thin ITO
layer is needed to simultaneously provide a large €1y, while not
emphasizing losses in the solar spectrum. In Figure 3a, it is
seen that Devices 1 and 2 produce similar absorption profiles
in the solar spectrum below the bandgap of ITO, where the
losses due to ITO are not significant. However, below 400 nm,
interband transitions of ITO become a prominent loss
mechanism, and strong light—matter interactions in the Device
1 produce more absorption than Device 2. Nevertheless, using
only 50 nm ITO thickness allowed us to keep o, at 0.168. The
FoM reached a record-high value of 5.73. Another important
observation from Figure 3a is that the spectral positions of the
peaks and dips in the absorption spectrum have great
agreement between the FDTD simulations of Device 2 and
the experimental result of Device 1. This is because these peaks
and dips are determined by the phase accumulation during the
round-trip in the SiO, cavity and the added phases due to
reflections at ITO—SiO, and SiO,—Al boundaries, as given in
eq S3.

In an attempt to further improve the FoM, it is more
important to decrease a rather than increasing €, as the
former is already very close to unity in Device 1, with h = S0
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nm and tgo = 2 pm. Moreover, the numerical results for

Device 2 show that thicker layers of ITO accentuate ¢, more
than €, so FoM is deteriorated. Therefore, in our second set
of experiments, thicker layers of ITO are not investigated, and
we reduced the thickness of the ITO layer to 30 nm. The
experimental absorption spectrum of this device is shown in
Figure 3b, along with the spectrum for Device 2, while the
other geometrical parameters are the same as before. In the
solar spectrum, the intention of decreasing a is accomplished,
as it decreased to 0.161 due to the smaller thickness of ITO. In
the thermal-infrared, however, Device 1, with & = 30 nm, has
worse absorption when compared to the & = 50 nm case, due
to the poorer light-trapping capability of the scaffold. Similar to
the 4 = 50 nm case, Device 1 still outperforms Device 2 in the
h = 30 nm case, as €z reached 0.884 and the FoM is 5.49.
We also compared Device 1 with another lithography-free
design that utilizes a planar ITO layer to further represent the
power of the designed ITO nanoforests as a light-trapping
scaffold. The experimental result for the planar device with h =
S0 nm and tgo = 2 pm is first shown in Figure 3c, as well as

the FDTD simulations for this device. In Figure 3d, we
compare the experimental results for Device 1 and the planar
design with the h = 50 nm and tg; =2 um parameters. While

the planar design achieves an a;, of 0.151, its ey is only 0.697,
so the FoM is limited to 4.61. The planar design gives the
worst €y, because it lacks both the light-trapping capability of
Device 1 and the LSPRs supported in Devices 1 and 2.
However, it does not suffer from diffraction/scattering and the
resultant excited guided-modes of the structure.”” Overall, the
ITO nanoforest design still outweighs the planar design.

Our proposed device is experimentally confirmed to provide
an excellent scaffold for ultrabroadband thermal-infrared
absorption and provides far superior €z compared to Device
2. There are five underlying physical reasons for this. First and
foremost, the strong dispersion (see Figure S4b) and phonon
reflection of SiO, at the Reststrahlen bands was the primary
reason for limiting ez of Device 2 under 0.8. In those regions,
incident radiation is back-reflected, and a significantly smaller
portion of the radiation is trapped and harvested in the device.
To make matters worse, the back-reflected EMWSs cannot be
efficiently retrapped in Device 2 by the periodic ITO
nanodiscs, due to their poor diffraction/scattering and trapping
features. Therefore, these back-reflected EMWs are not
harnessed in Device 2, and light-ITO interaction is limited in
these areas. This is analyzed in more detail and verified
numerically by placing three three-dimensional (3D) monitors
on the Al SiO,, and ITO layers and calculating the
contribution of each layer to absorption in the thermal-
infrared. We used the formula in eq 3,

dPIOSS

1
= —we"(w)lEP?
dv 2

(3)
where Py is the absorbed power due to conduction losses and
dielectric hysteresis, V is the volume, w is the angular
frequency, ¢”(w) is the imaginary part of the complex
permittivity, and |EI® is the modulus of the complex electric-
field inside each layer.”” dP,,/dV is integrated over each layer
and normalized to the incident power to obtain absorption of
each layer.

The absorption spectrum in Figure 3e clearly shows that in
the phonon reflection bands (around 10 and 20 um) of the
SiO, absorption of the transmitted light in the cavity is the
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Figure 4. Large-scale fabrication and optical characterization of the proposed device. (a) Positioning of the wafer in the sample holder as seen from
the back view. (b) Measurement areas in the fabricated wafers. Experimental absorption result for Device 1 with 4 = 50 nm and (c) tsio, = 2 4m

and (d) tsio, = 1.55 um, when fabricated on a wafer. Absorption spectrum under obliquely incident radiation at an incidence angle of (e) 30° and

(g) 45°. Device 1, as seen with the (g) naked eye and by (h) thermal camera. (i) Thermal microscope image of Device 1. The ellipsometry

measurements are taken from area S.

main driver behind the absorption spectrum. However, this
strong reflection is mitigated in Device 1, which is clearly
visible upon comparing the absorption spectra of Devices 1
and 2 around 10 and 20 ym in Figure 3a. This is a direct result
of the rough and highly diffracting/scattering top-layer ITO
scaffold. While the thermal radiation is reflected in Device 2 at
Reststrahlen bands, in Device 1, the scaffold traps this thermal
radiation (or, in other words, the residing time of thermal
radiation in the structure is improved) and it is absorbed by
the hybrid system of broad plasmonic resonances supported by
ITO and phonon bands of SiO,. The fact that thinner ITO
layers suffer more from reflection losses (by comparing Figure
3a and b) also supports the argument that increasing the
residing time of EMWs in Device 1 and coupling them to the
ITO/SiO, hybrid is the main driver in enhanced absorption.

Second, ITO offers a plasmonic response with relatively high
losses,”" so the excited LSPRs inherently have a large line
width. Third, the randomness in the morphology of the
nanorods, as confirmed in the SEM images in Figure 2d,e,
results in multiple adjacent LSPRs of different strength,
spectral position, and line width. Since our fabrication route
generates random geometries, the superposition of the excited
LSRPS then contribute to a flat, perfect absorption over an
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ultrabroad bandwidth. Fourth, the gap distances between the
tilted nanorods is found to be very small and not uniform. It is
shown in the literature that extremely small gaps between
plasmonic nanostructures result in the extreme enhancement
and localization of optical fields.”* We show the near-field
enhancement of optical fields between the ITO nanodiscs, due
to the dipolar LSPRs in Figure 3f, as an exemplary case from
Device 2. The optical field inside the ITO layer of a planar
device is also calculated, and the result is shown in Figure 3g.
Comparison of Figure 3f and g demonstrates that the
plasmonic resonance and the corresponding electromagnetic
hotspots between the nanodiscs do not exist in the planar case.
This is the reason why the planar design had the poorest €. In
Figure 3h, we indicate that further decreasing the gap distance
between the nanodiscs results in higher enhancement of
optical fields. This extreme localization results in larger optical
losses, as a result of eq 3. Thus, the formation of deep
subwavelength gaps between the nanowires, as demonstrated
in Figure 2d,e, triggers the existence of intense local fields, and
these hotspots lead to strong light absorption in the thermal
infrared. Moreover, when the distance between the nanostruc-
tures become very small, the position of plasmon resonances is
determined by the gap size, rather than the individual
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dimensions of the nanostructures. The randomness in the
porosity of the deposited film, as shown in Figure 2c, is then a
contributor to the perfect absorption.

Lastly, the random nanorods in Device 1 diffract light in
more directions, compared to the periodic discs of Device 2.
Therefore, Device 1 may be aiding the coupling of a larger
portion of incident radiation to the surface-plasmon polaritons
(SPPs)*® in the SiO,—Al interface.

Large-Scale Fabrication of the Proposed Device and
Optical Characterization. Oblique-angle deposition not
only offers a substantial enhancement to the OSR perform-
ance, it also enables a facile route for large-scale fabrication,
which is of paramount importance to establish a competitive
OSR technology to the planar conventional devices. As a
proof-of-concept, Device 1 with h = 50 nm and tgo =2 pum is
fabricated on a 4-in. silicon wafer. The wafer is placed in the
sputtering chamber at an angle to the source, similar to Figure
2a. To do that, the plate is removed, and the wafer is directly
fixed in the sample holder, as shown in Figure 4a, which shows
the attachment of wafer from the back side. The same
apparatus used for small area samples is also used to put the
wafer at an oblique angle, and two strips are adhered to the
sides of wafer for additional support. The wafer is characterized
from nine different areas, which are shown in Figure 4b to
indicate the adaptation of oblique-angle deposition technique
to large-scale fabrication, and also examine the uniformity of
the coating. The experimental results are shown in Figure 4c.
The solar absorption is measured only from area 5 and « is
calculated as 0.167, which is almost identical to the small-area
fabrication. On the other hand, spectral response in thermal-
infrared is measured from all nine areas. To further discern the
variations in the absorption spectra between different areas, we
zoomed into 3 pm to 25 pm region. It is seen that the regions
further away from the source has slightly lower absorption,
which is attributed to the minor nonuniformity in ITO
thickness within the wafer. Nevertheless, the smallest € is
found to be 0.957, while its highest value reached 0.97, so the
variations within the wafer are not significant.

Experimental results up to now have demonstrated the
optimized optical performance of the metasurface OSRs.
Nevertheless, decreasing the thickness of SiO, is still desirable
to decrease the launch and assembly costs and the weight of
the OSRs when they are used to coat a spacecraft. The
numerical results of Device 2 has shown that several different
cavity thicknesses can result in almost equal FoM. It can be
seen in Figure 1i that a cavity thickness between 1.5 and 1.6
um gives the peak FoM, while also being the most tolerant area
to thickness inaccuracies. Device 1 with h = S0 nm and tg, =

1.55 um is fabricated on a 4-in. wafer and is characterized in
the same way as before. Experimental result for this device and
numerical result for Device 2 with the same h and fg( are

shown in Figure 4d. The experimental results show similar
characteristics to Figure 4c, and the physical reasoning outlined
until now applies to this sample. The maximum e is
calculated as 0.968, while its minimum value is 0.952. a is
found to be 0.169. Therefore, almost identical performance to
the ITODSOCAV2000 device is achieved with a smaller
thickness of SiO,.

Spectral response of Device 1 with h = S0 nm and tgo =
1.55 pm under obliquely incident radiation is measured
experimentally in the thermal-infrared, from 3 to 25 um, by
utilizing ellipsometry method. The results at 30° and 45°
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incidence angles are shown in Figure 4e and f, respectively, for
both p- and s-polarized incident radiations. The blue-shifting
of the spectral response as well as increased absorption
behavior are observed in these results, which are in harmony
with the numerical results for Device 2, given in Figure SSe.
In this paper, up to this point, we have demonstrated that
the outstanding performance of our proposed device fulfills the
key functionality of an OSR, that is, a very high €, a small a,,
large-scale compatibility, and uniformity. Our proposed device
has a thickness around 2 pm, which is at least 2 orders of
magnitude smaller than that of the conventional OSRs.
Nevertheless, application of these devices to the radiative
cooling of spacecraft in real-time necessitates further studies in
scrutinizing the heat transfer and finding the cooling rates. In
addition to these, the ongoing studies will focus on applying
these ideas to flexible substrates and tests involving the
mechanical, thermal, UV, and radiation resistance of the
proposed devices. The perfect absorption in the thermal-
infrared range and the experimentally obtained € of 0.968 are
also very promising in the areas of thermal-imaging cameras
with labeled security. As a proof-of-concept, a mask with
drilled holes to create the labeling word “NANOTAM” is
placed on the wafer before sputtering. After fabricating Device
1 with h = 50 nm and fgo = 1.55 um, the wafer is observed

with a thermal camera. Lithography is not preferred to create
the label in order not to sacrifice from large-scale compatibility.
The view of the wafer with the naked eye is given in Figure 4g,
and the “NANOTAM” label is barely recognizable. However,
when this wafer is inspected under a thermal camera, the large
emissivity difference between the ITO-coated versus non-
coated areas makes the label clearly discernible, as shown in
Figure 4h. In Figure 4i, we show a thermal microscope
micrograph from one of the areas. The sharp contrast between
the ITO-coated areas (appear red due to very high thermal-
emissivity) versus the noncoated areas is clearly distinguish-
able. It is also important to note from Figure 4i that the areas
with only SiO, coating still have an e of 0.5. This further
supports our argument that the perfect absorption in the
proposed devices are a result of the hybrid system of ITO and
SiO,. Last but not least, the very high performance of our
proposed devices can also find applications in daytime radiative
coolers.””*"** However, the overall flat absorption over the
entire thermal-infrared should be adapted to the atmospheric
absorption lines, which is an ongoing study at this time.

B CONCLUSIONS

In conclusion, metasurfaces utilizing disordered, densely
packed, and titled ITO nanorod forests as the top absorbing
layer are experimentally analyzed in this paper and the
attainment of a record-high thermal-emissivity of 0.968, and
Figure of Merit of 5.73 are verified. The top ITO scaffold of
our metasurfaces enabled the very efficient harvesting of
thermal-radiation to have an ultrabroadband absorption in the
thermal-infrared range, while their small thickness did not
accentuate the dielectric losses in the solar spectrum. The
utilization of oblique-angle deposition with the line-of-sight
coating of PVD systems allowed not only the realization of
such ITO nanoforests, but also large-scale and high-throughput
fabrication. The experimental results of the proposed devices
are compared to the numerical simulations of periodic ITO
discs and the experimental results of the planar ITO thin-film
as the top absorbing layer. These comparisons further proved
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the absorption enhancement by the ITO nanoforests, which is
mainly due to relieving the strong phonon reflection bands of
SiO, in thermal-infrared. Overall, our ultrahigh performance,
yet large-scale compatible devices hold great promise for the
radiative cooling of spacecraft during their space missions, and
it is also highly applicable to many areas such as terrestrial
radiative coolers and thermal imaging for labeled security
purposes.

B EXPERIMENTAL SECTION

Fabrication of the Metasurface OSR. For the fabrication
of the small-area samples, first, a typical commercial square-
shaped silicon substrate with a 225 mm? area was cleaned with
acetone, isopropanol (IPA), and deionized water and then
dried with a N, flow, to be used as a substrate. The surface was
turther treated using oxygen plasma for 20 min before starting
the deposition of thin films. Same procedure is followed for the
4-in. wafers. First, 125 nm thick aluminum back-reflector is
coated by using an electron-beam evaporator system (Leybold
Univex 350) at a chamber pressure of 3e-6 to Se-6 mbar and at
a rate of 2 A/s. Next, a SiO, layer with the thicknesses
mentioned in the main text are coated by using a Plasma-
Enhanced Chemical Vapor Deposition (PECVD) system
(SAMCO). This process is carried out with SiH, and N,O
flow rates of 300 sccm at a temperature of 350 °C. Finally, an
ITO layer is coated in an RF-magnetron sputtering system
(Leybold Univex 350) at a processing pressure of 2.2e-3 mbar,
RF power of 125 W, and a rate of 1.3 A/s. The flow rate of
high purity (99.999%) sputtering Argon (Ar) gas, free of
oxygen, was 7 sccm during the process. No oxygen was added
during the deposition. The sample holder is not rotated during
the process.

Optical Characterization. To measure the thermal
emissivity, €y, of the samples with disordered ITO nanoforests
and planar ITO thin film structures, reflectance in the thermal-
infrared spectrum was measured over the range of 2.5 to 25 ym
using an FTIR microscope with a numerical aperture of 0.4
(Bruker-Vertex 70v, Hyperion microscope). The instrument
employs a mid-infrared source, KBr beamsplitter and nitrogen-
cooled Mercury Cadmium Telluride (MCT-D313) detector. A
125 nm aluminum coated SiO,/Si substrate was used as
reference. Solar absorptance of all the samples are obtained by
measuring the UV/VIS/NIR reflectance over the range from
300 nm to 2.5 ym. In these measurements, a commercial total
reflection spectrophotometer (Agilent Cary 5000), utilizing a
diffuse reflectance accessory (DRA) of a diameter of 110 mm
is used. White polytetrafluoroethylene (PTFE) is used as a
reference. Oblique-angle measurements in the thermal-infrared
are carried out by using a J. A. Woollam Co. Inc. IR-VASE
Mark II ellipsometer. The emissivity difference between ITO-
coated versus noncoated areas are investigated by using a
commercial thermal camera (Seek Thermal). The microscopy
images for the same purpose are taken by a nitrogen-cooled
InfraScope MWIR Temperature Mapping Microscope from
Quantum Focus Instruments (QFI) Corp.

Numerical Simulations. In the FDTD simulations, we
illuminated the unit cell with a broadband plane wave at
normal incidence whose electric-field is polarized in the x-
direction. In the x- and y-directions of the simulation region,
we used periodic boundary conditions, while in the z-direction
perfectly matched layers (PML) are adopted and they are
placed four wavelengths away from the structure. We used a
single monitor that was at an adequate distance away from the
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structure to collect the reflected EMWs and calculate the
reflected (R) power, which is normalized to the incident
power. Due to the fact that the bottom Al thickness was
chosen to be much larger than the skin-depth of EMWs at the
spectral regions of interest, the transmitted power (T) was
considered to be negligible. After verifying this in the
simulations, we calculated the spectral absorption by using A
=1 — R. To be able to increase the stability of the simulations
and spectral resolution of the absorption spectrum, all of the
FDTD simulations were divided into three regions: wavelength
from 300 nm to 2.5 um, 2.5 to 15 um, and 15 to 30 ym.
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