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Abstract

Artificial camouflage surfaces, such as metamaterials, that interact with the electromagnetic (EM) wave
represent an emerging field in which performance breakthroughs are occurring. In particular, the visible and
infrared (IR) waves are of interest, because these waves are desirable for energy, military and space
applications. However, needs of additional actuations, eccentric properties for a specific situation and
complicated fabrications, with only a few reports to date, show that multispectral (visible and IR) camouflage
surfaces are still challenging issues. Herein, we realize transparent metamaterials (TMM) as visible-IR
camouflage surfaces. TMM achieves an average transmissivity of 0.44 in the visible regime. It also reduces
the blackbody IR signature by 64% over 3-5 um and 75% over 8-14 pm and dissipates 2200% more energy in
the undetected band of 5-8 pm compared to an Au surface used for IR camouflage. These findings advance

multispectral manipulation and expand energy applications in visible-IR waves.
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1. Introduction

Camouflage is an instinctive behavior among animals that adapts their appearance to the surrounding
environment, protecting the animals from external threats [1]. For example, chameleons and cephalopods
change their color to blend into the background, making the animals difficult to observe [2]. Artificial
camouflage surfaces, which manipulate the electromagnetic (EM) wave in the visible [3], infrared [4] and
microwave [5,6], have recently emerged. The reason for increased interest is that artificial camouflage surfaces
promise performance characteristics beyond the reach of existing materials and composites. Many researchers
have investigated ‘metamaterials’ as artificial camouflage surfaces, as metamaterials realize designed EM
properties including negative [ 7] and high [8] refractive index, optical switch [9] and selective emission [10,11].

Multispectral control surfaces covering both visible (380 - 740 nm) and IR (740 nm - 15 pm) waves, however,
have been a few studied. Multispectral control surfaces for visible and IR waves are especially desirable for
energy [12], military [13] and space applications [14]. For satisfying the mutual requirements of visible and
IR camouflages, the surfaces should have visible transparency and IR selective emission simultaneously. For
a visible camouflage, several creatures have presented their visible camouflage as a transparency such as
glasswing butterflies [15] and glass frogs [16]. Even if they cannot hide perfectly contrary to a negative index
surface [7], the transparency can provide the camouflage effectively which realized the state-of-the art
fabrication. For IR camouflage [17-23], depending on the atmospheric window which is a transmitted band of
IR wave in 3-5, 8-14 um [24], IR camouflage surfaces is designed of lowering the emissivity in the detected
(3-5, 8-14 um) and undetected band (5-8 pwm), because the molecules in air absorb IR waves of 5-8 um. Thus,
in the detected band (3-5, 8-14 um), the camouflage surfaces reduce their signature by lower emissivity. In
order to maintain thermal stability caused by lowering the energy dissipation, the increase of emissivity in the

undetected band is necessary[25].



Up to date, there have been electro-thermochromic materials[26], conducting polymers[27], or mechanical
actuations[28], which required the additional actuation for changing their properties, eccentric EM properties
for a specific situation and complicated fabrications. For example, the unit cell size of metamaterials differs
depending on the targeted wave, which the size is about 10 nm in the visible wave and about 1 mm for
microwaves [29]; this wide range of sizes is difficult to fabricate onto the same surface. Additionally, EM
properties of artificial camouflage surfaces are difficult to satisfy the various spectral waves, simultaneously.
For example, conventional emitters consisting of metal-dielectric-metal (MDM) structures for IR camouflage
[18-20] have high reflectivity in the visible wave preventing the use of camouflage pattern backside of emitters.
Otherwise, some emitters that use transparent materials have been developed for broadband absorption [30,31]
in the IR regime. Based on the circuit analysis, it is hard to get a-selective emission in the IR regime because
the transparent electrode has a higher electrical resistivity than the metal which induces the higher emissivity
presented in Fig. S1. Thus, having properties of ‘both visible transparency and IR selective emission
simultaneously are challenging issues for artificial multispectral camouflage surfaces.

Herein, transparent metamaterials (TMM) are developed that offers both visible and IR camouflage
simultaneously. For visible camouflage, a transparent material is used in creatures such as glasswing butterflies
[15] and glass frogs [16]. For IR camouflage, selective emission is chosen, which reducing IR signature in the
detected band (3-5, 8-14 um), and dissipating the reduced signature through the undetected band (5-8 pm) [17—
19] simultaneously, because the reduced emitting energy can cause the thermal instability [25] of target as we
unwanted. Using a quartz and ITO wafer with an Au pattern, we reduce the impedance of structure for a
selective emission in Fig. 1(a). The qualitative camouflage performance in the visible and IR waves is
evaluated using cameras, and quantitative spectral measurements are taken of the transmissivity in the visible
light and the emissivity in the IR wave, respectively. Ultimately, the TMM for achieving a multispectral

visible-IR camouflage surface is demonstrated.



2. Research details

2.1. Geometry and fabrication methods

We applied a conventional metal-dielectric-metal (MDM) structure, as the basic structure of our TMM in
Fig. 1(a). The TMM consists of four parts: substrate (quartz), total reflector (ITO), dielectric layer (Si3N4) and
metal disks (Au). Quartz wafer is widely used as a substrate for micro-nano fabrication due to its visible
transparency. In general, MDM structures use highly electrical conductive materials for the metal part because,
as shown by a circuit analysis [6,32], the effective impedance of the structure is a function of the wavelength.
However, conventional metals reflect visible and IR waves completely, preventing the desired visible
transparency. Thus, we chose ITO as a total reflector which consumes large area at the bottom of MDM
structure. The thickness of ITO is 400 nm, which reduces the electrical resistivity as much as possible to
maintain the visible transparency. In case of metal disks, based on the circuit analysis, the lower equivalent
impedance is important to maintain the selective emission even though the ITO reflector is used. When the
blocked area ratio is small enough to penetrate the visible light, it is possible to maintain the visible
transparency. It means that Au as metal disks can be used for decreasing the equivalent impedance. The
thickness of Au metal disk is 100 nm with an adhesive layer (T1) of 10 nm. Ti is a layer for improved adhesion
on Si3N4, and does not affect the EM behavior, as shown in previous work [8]. The pitch is 3 pm, a disk
diameter of 0.89 um. As a dielectric layer, Si3N4 with a thickness of 100 nm is chosen because it has
transparency and high permittivity in IR regime, similar to ZnS, which is widely used for IR camouflage
material.

For the TMM, we prepared the quartz wafer substrate by rinsing and cleaning by sonication in acetone (5
min). Piranha solution (H2SO4:H202 = 3:1) was used to remove organic matter on the surface. A 400 nm layer
of Ito was deposited on the prepared quartz wafer using batch sputter (ULDiS-4540SV, Korea Advanced Nano

Fab Center) to reduce the resistance. Then, we deposited a 150 nm layer of silicon nitride (Si3N4) as a dielectric



layer, using PECVD (Plasma Therm 790 Series). On top, 100 nm Au disks were deposited by electron beam
Evaporator (ULVAC) with adhesive layer of Titanium (10 nm). Using a spin coater (3000 rpm, 30 sec), we
coated photoresist (AZ5214E) onto the prepared Au-SisNs-ITO. By using an EVG Aligner (KIST, micro-nano
fabrication center), we achieved sub-micron patterns by controlling the exposure time. We developed the
pattern using MIF-300, observing the status of the pattern after 25-35 seconds. Using the oxford etcher, we
etched the exposed gold, then removed the photoresist using plasma asher (100W, 5 min). Figure 1(b) shows

the fabricated structures of TMMs.

2.2. Simulations

The transparent selective emitter was designed using the commercial solver, COMSOL Multiphysics
v.5.2a, as a simulation tool. The simulated geometry consisted of four parts: the medium (air), a reflector (ITO),
a dielectric layer (Si3N4) and metal disks (Au). Planar EM wavefronts at the two ports were assumed, using
periodic boundary conditions for the side walls. We adopted the Drude-Lorentz dispersion model for analyzing
the electromagnetic behaviors of ITO[30] (& = 3.9, plasma frequency = 0.46 PHz, damping constant = 28.7
THz) and Au[33] (plasma frequency = 2.06 PHz, damping constant = 13.34 THz). The relative permittivity of
the dielectric layer was applied following reference [34], while that of the air held the same as in vacuum (&
= w = 1). The finite element size was restricted to less than 500 nm, which was selected after a mesh
independent test (Supplementary Information, Figure S2). After simulating the electromagnetic behavior, we
derived the emissivity from the absorptivity because of Kirchhoff’s law [35] and the following procedure. At
the ports, we gathered the scattering parameters (Si1, S21) [36] which resulted from the electromagnetic
behaviors of a unit cell. Si1 was the signal ratio of the incident and reflected wave which corresponded to the
reflection coefficient, while S21 was the signal ratio of the incident and transmitted wave, which corresponded

to the transmission coefficient. Based on Kirchhoff’s law [35] and the scattering parameters [36], we deduce



the absorptivity (emissivity) as follows: a =1 —p —t=1 — |S11]> — |S21]?, where absorptivity is a, reflectivity is

p, and transmissivity is T, respectively.

2.3. Measurement of infrared emissivity

To measure the spectral emissivity, we used Fourier transform infrared spectroscopy (FT-IR, Bruker Corp.).
The beam splitter was KBr for making phase difference, and the measurement wavelength range was from 1.3
um to 27 um. We measured the reflectivity of the emitter (Bruker A513) based on Kirchhoft’s law [35] and
using the following equation: g(A) = a(A) = 1- p(L), where emissivity is €, absorptivity is a, reflectivity is p and
wavelength is A, respectively. Due to a metal ground as shown in Fig. 1(a), we determined the transmissivity
as zero. The signal ratio between the reference and sample signals was used to calculate the reflectivity of the
sample as following equation: p(A) = Ssample (A,T) / Sreference (A,T), where the reflected signal is S and the
temperature is T, respectively. During the measurement, we assumed that the temperature remained unchanged.

The sample size was 1.3 cm x 1.3 cm, and the reference surface was Au with a thickness of 200 nm.

2.4. Measurement of visible transmissivity
A UV-Vis-NIR spectrophotometer (Cary 5000 UV-Vis-NIR) was used to measure transmissivity in the 175-
3300 nm range. The main principle of spectrophotometer is used for the Beer-Lambert law. Defining the
incident radiation as Io and the transmitted radiation as I, the transmittance is calculated as follows:
t=1/I,
The reference material for incident radiation was ambient air, which was assumed to have 100%

transmittance.



2.5. Thermographic and visible measurement

For observing the manipulated infrared radiation, thermographic images were measured by an IR camera
(A655sc, FLIR Systems, Wilsonville, OR, US). The actual temperature of the specimen was controlled by the
hotplate and set as 37°C to mimic the skin temperature of a human being. The processed emissivity of IR
camera was taken as 0.95 as a default for comparing the differences in infrared radiation from different
specimens. Visible images were measured by a 12 MP dual pixel camera with 1.4 um pitch and an /1.7
optically stabilized lens. It shows the visible camouflage based on a transparency of TMM in a visible regime.

The detailed experimental set-up is available in the Supplementary information (Section 2.4).



3. Results and Discussions

3.1. Transparent metamaterials for simultaneous visible and infrared camouflage

For the transparent metamaterials, it is important to consider the material properties having a visible
transparency and a selective emission in IR regime. In optics, metallic materials represent particles that hinder
the path of EM waves inside the material [37]. Similarly, conducting polymers or ceramics having visible
transparency can act as a metal ground in a selective emitter. For this reason, we chose ITO as a metal ground
for the MDM structure, because it has electrical conductivity and visible transparency. The dielectric layer was
chosen as silicon nitride, which has a visible transparency[38]. Au was chosen as a metal disk in order to
reduce the electrical resistance of the MDM structure by considering the circuit analysis in Fig. S1. In general,
metal disks act the same as ground materials[17—19]. However, ITO as a metal disk prohibits IR selective
emission, because the high resistance of ITO induces high impedance over the width of the IR wave, which
causes a wavelength independent emissivity in Fig. S1. Thus, we attempted to reduce the resistance by
substituting the metal disk material, even though it required the sacrifice of some amount of transmittance in
the visible light. As shown in Fig. S4, when we substituted Au for ITO, the TMM acquired IR selective
emission. Additionally, the surface area blocked by the Au disks (diameter = 0.89 pm) was about 10% (pitch
= 3 um), which is transparent enough for visible camouflage. To observe the multispectral control provided
by this TMM, we visualized the visible and IR graphics shown in Figs. 1(c) and (d). As desired, the symbol
underneath the TMM is recognizable in Fig. 1(c). In Fig. 1(d), although the background and the TMM had the
same temperature, the apparent temperature expressed as the IR signature is lower at the TMM. Based on the
radiative heat flux equation[35], q"=ecT*, where the emissivity is &, the Boltzmann constant is o, and the
temperature is T, the lower apparent temperature expresses the lower radiative heat flux of the IR signature.
At the default emissivity of 0.95 for the IR detector in Fig. S2, when the IR detector reports lower temperature,

the radiative heat flux of the IR signature is also lower than the background level. It shows that the TMM can



manipulate the IR signature by manipulating that of surface emissivity. Therefore, these figures provide
qualitative results for multispectral camouflage in the visible and infrared waves. To establish an understanding

of the underlying principles of the TMM, the following sections analyze the optical behavior.
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3.2. Optical characteristics of transparent metamaterials in the visible and infrared waves

In the field of atmospheric transmissivity, there are detected and undetected bands because the atmospheric
molecules hinder the detection of infrared light through absorption. In general, 3-5 pm and 8-14 um are
detected bands, which are the blue-shaded areas in Fig. 2(a), and 5-8 pum is an undetected band, which has
almost zero transmissivity. Depending on the target's temperature distribution, common IR detectors match
their operating band to the detected bands, so for IR camouflage, IR is reduced in the 3-5 um of hot parts and
8-14 um of cold parts [39]. The reason is that radiative energy is a function of temperature and wavelength.
When the target temperature increases, the peak wavelength of maximum radiative energy from the target
decreases based on Wien’s displacement law [35]. Moreover, because of the energy balance equation, we
consider the energy dissipation of reduced infrared signature energy with regard to the thermal stability of the
TMM [17,18]. Figure 2(a) shows that the TMM realizes selective emission in the undetected band and reduced
emissivity in the detected band, making it suitable for IR camouflage performance.

To analyze the TMM in IR wave, we consider the plasmonic behavior, which is divided among localized
and non-localized plasmons [40,41]. Through the validated simulation with experiment in Fig. S4(b), we reveal
electromagnetic behaviors related to the occurrence of resonance. The localized plasmonic behavior, caused
by EM confinement due to interactions within the structure, is dependent on the disk diameter, while the non-
localized plasmonic behavior, caused by the intrinsic EM properties, is dependent on the pitch. Figures 2(b)
and (c) present the simulated results as the disk diameter and pitch were changed, respectively. In Fig. 2(b),
around 3.5 pum, there is a weak resonance indicating non-plasmonic behavior of the TMM. In comparison to
diameter results, in Fig. 2(c), a strong resonance occurs around 6 pm, showing that the selective emission of
the TMM for IR camouflage depends on localized plasmonic behavior, which can be controlled by changing
the pitch. To visualize the localized plasmonic behavior, we simulate the magnetic field around the TMM, as

shown in Fig. 2(d). Strong magnetic fields occur inside the TMM, which means that the TMM uses the same
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principle for selective emission. However, the TMM exhibits different current directions in the metal ground
and the disk parts. When the ground and disk consist of the same material, the current vector points in the same
direction (0,1,0) under an exciting EM wave. Here, the current vectors is changed in the opposite direction
compared to conventional emitters [18]. We may infer that the different resistivity in the ground and disk
induces the opposing current directions. Additionally, it is desirable for the IR camouflage material to behave
independent of the incident angle because IR detectors can be located at various angles with respect to the
target. Figure 2(e) shows the spectral emissivity as a function of the incident angle. The figure demonstrates
that the TMM can operate in the range of 0 - 60°, covering about 67% of the incident direction, which is
sufficient coverage.

We also measured the visible transmissivity of the TMM. Figure 3(a) compares the spectral transmissivity
of quartz with an ITO layer (400 nm) to that of the TMM, showing that the TMM has lower transmissivity.
We analyze systematically the effect of the deposited layer. In general, quartz wafers with ITO exhibit visible
transparency larger than 0.9, but in this work, the ITO thickness was greater than in other studies [42], leading
to decreased visible transmissivity. Moreover, to understand the difference between quartz with an ITO layer
and the TMM, we consider the blocking surface area and optical scattering. Due to the resistance of ITO, gold
was chosen for the metal disk, but gold hinders the transmission of visible light through the structure. The
surface area blocked by metal disks is 8.8%, leading to a maximum possible visible transmissivity of 0.69
based on the average ITO transmittivity of 0.76 in Fig. 3(a). In addition, the structure thickness is similar in
scale to visible wavelengths, leading to Mie scattering [37]. Based on the measurements in Fig. 3(a), the TMM
has 0.44 average transmissivity in the visible light (400-700 nm). We judge this transmissivity to be sufficient
for a visible camouflage. To examine the visible transparency qualitatively, we compare the printed picture

shown in Fig. 3(b) through air and the TMM, and confirm that the TMM has sufficient transparency.
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3.3. Evaluation of visible-IR camouflage of transparent metamaterials

We evaluate the visible and IR camouflage performance of the TMM in comparison to a quartz wafer and a
conventional emitter. In the case of visible transparency, the visible transmissivity is enough to express the
camouflage performance. In the case of the IR camouflage, there are two ways to explain the IR camouflage
performance. On the one hand, the direct measurement of radiation temperature represents the actual
camouflage performance in detected bands [17,20]. On the other hand, the calculation of emissivity energy in
the IR regime is utilized to evaluate the ideal camouflage performance [18,19]. In this study, we assess both
to demonstrate the camouflage performance.

The quartz wafer provides high visible transmissivity and high IR emissivity, while the conventional emitter
provides low visible transmissivity and IR selective emissivity. On a hot plate, we compared visible and IR
graphics, using the experimental set-up described in Fig. S2. Figures 4(a) and (b) present the qualitative visible-
IR camouflage performance. As shown in Fig. 4(a), the TMM and quartz wafer have visible transparency,
while the conventional emitter obscuring the visible light from the backside of pattern. In a quantitative
evaluation shown in Fig. 4(c), the averaged visible (400-700 nm) transmissivity of quartz, the TMM, and the
conventional emitter was 0.95, 0.48, and 0.0008, respectively. The results demonstrate that the TMM obtains
the visible camouflage capabilities because of its visible transparency.

Figure 4(b) compares IR images of the specimens. The hot plate temperature was maintained at 37°C,
corresponding to actual specimen temperatures. The average apparent temperature of quartz was 35.7°C, while
that of the TMM was 27.8°C, which was lower than that of quartz wafer and similar to that of conventional
emitter, 25.4°C. These results follow because, in 8-14 um, the spectral emissivity of the TMM is slightly higher
than that of the conventional emitter, as shown in Fig. 4(d). However, the apparent temperature difference

between the quartz and TMM (7.9°C) was much larger than the difference between the transparent and
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conventional emitters (2.4°C), indicating that the TMM has similar IR camouflage performance to a
conventional emitter.

Furthermore, to quantify the amount of signature reduction and energy dissipation for IR camouflage, we
integrated the spectral irradiance in the detected bands (3-5 um and 8-14 um) and the undetected band (5-8
um), respectively. The spectral irradiance is calculated by following equation [35]:

2mhc?

A5 exp[ha"?{k — 1] M

Eb/l (A! T) =

where Ew., A, h, co, k and T are spectral blackbody emissive power, the wavelength, Planck’s constant, the
speed of light in a vacuum, Boltzmann constant and the temperature, respectively. Figure 5 shows the spectral
irradiance of a 310 K blackbody (human body temperature), the TMM, and a gold surface. The blackbody
surface represents ideal energy dissipation, while the Au surface provides ideal IR signature reduction and an
IR camouflage surface [13]. In terms of signature reduction, we compare the radiative flux between the
blackbody and the TMM in the detected bands (3-5 pum and 8-14 um). To evaluate the radiative flux, we use

the discretized equation based on the spectral emissivity by FT-IR as follows [17-19]:

A2

Ey,—2,(T) = J

e T) Eyy (4, T) dA = Z e(LT) Eyy (A, T)A 2)
A

where A1, A2 and ¢ are the shortest and longest wavelength of the band, and spectral emissivity, respectively.
Over 3-5 um and 8-14 pm bands, respectively, the radiative flux of the blackbody is 8.3 W/m?and 203.3 W/m?,
respectively. The TMM is 3.0 W/m? and 51.7 W/m?, which are 36% and 25% of the blackbody’s radiative flux.
These values demonstrate that the TMM can significantly reduce the IR signature. To study the energy
dissipation that accompanies the infrared signature reduction, we compare the radiative fluxes of gold and the

TMM over the undetected band of 5-8 um. The radiative flux of the gold surface is 1.68 W/m? and that of the

TMM is 37.0 W/m?, which is an 2200% increase in dissipated energy of signature reduction. In summary,
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these results show that the TMM provides satisfactory visible camouflage performance and IR camouflage
performance via IR signature reduction in the detected bands and shifted energy dissipation toward the

undetected band.
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4. Conclusion

In summary, we investigated an TMM for simultaneous visible-IR camouflage based on multispectral
control. Starting from a metamaterial with an MDM structure, we substituted the ground material with ITO,
which offers visible transparency and electrical conductivity that reflects IR waves, yielding selective emission
in IR wave. To verify the design concept, we analyzed the visible and IR optical behavior of the fabricated
emitter through qualitative analysis (visible and thermographic images) and quantitative analysis (UV-vis-NIR
and FT-IR spectrometer). These results confirm that the TMM achieves 36% and 25% of the IR signature of a
blackbody, which expresses the maximum IR signature of object, in the detected bands of 3-5 um and 8-14
um, respectively. Simultaneously, the TMM increases the energy dissipation of an Au surface, which is ideal
surface for IR signature reduction, by 2200% in the undetected band of 5-8 um.

Typically, selective emitters are only used for single-band control in the visible light (photovoltaic), infrared
wave (thermophotovoltaics, camouflage), and microwave (camouflage). However, the TMM developed here
realizes multispectral control over a wavelength range spanning two orders of magnitude, simultaneously. The
used structure size having the order of 1 um is facile to fabricate except for microscopic structures being the
order of 10 nm. Furthermore, based on the parametric studies presented here, the TMM can target different
applications by straightforward modification of the compositional materials, layer thicknesses, and pitches. If
the advanced transparent electrode whose electrical conductivity is similar to the metal is developed, we would
expect the spectral emissivity of TMM with maintaining the visible transparency can be identical with the
conventional IR camouflage material. These findings give a stepping stone for advanced multispectral
manipulation in the visible-IR waves, and also potential routes for expanded energy applications using visible-

IR waves.
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1. Circuit analysis for the optical behavior of transparent metamaterials

Circuit analysis is widely used for understanding and designing structures in the microwave regime,
particularly for frequency selective surfaces (FSS)!. Additionally, this analysis is applicable over the entire
wavelength as the literature shows, with some deviations’>™®. Thus, we utilized circuit analysis for the
preliminary design of our transparent metamaterials (TMM).

Circuit analysis usually analyzes the AC electrical behavior, because phase differences and impedance
mismatch induce reflection losses'. Electromagnetic (EM) waves have analogous AC characteristics. Figure
S1(a) depicts a transmission line as a circuit for analyzing FSS structures, and the output signal. The circuit
consists of three parts: the input signal, the FSS structure, and the output signal. We only consider the electrical
impedance characteristics, which determine the reflection, absorption, and transmission at the interfacial
surface between different mediums. Since TMM has a metal ground after the disk pattern, the transmission
was set to zero for the analysis. Additionally, we analyze the absorptivity of the FSS because Kirchhoff’s law
shows that the absorptivity is the same as the emissivity.

At the input, EM waves penetrate the air, which has impedance = 377 Ohms’. Then, the EM wave meets the
metal-dielectric-metal (MDM) structure, whose equivalent impedance determines the absorptivity. The
periodic pattern can be converted into the equivalent impedance by combining the resistance, inductance, and

capacitance as shown in Fig. S1(b) and the following equations:
Zpss =R+ jwL —j ! (1
FSS = JoL = j( w C)

~ 2 /72 ~ 20D v ~
R ~ Ry(D?/1?), L ~ 22In (csc(32)), € ~
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where electrical resistance is R, the pattern pitch is D, the disk size is L, the speed of light in vacuum is c, the
equivalent permittivity of the medium &/, and the gap between disks is w, respectively. The reflected wave

from metal ground is considered by the following impedance equation:

. Zy
Zd ~ Rmetal ground + ] \/—? (tan(kod\/ gr)) (2)
T

where J, &, d and ko are the imaginary part, the relative permittivity, the thickness of the dielectric layer, and
angular wave number, respectively. Based on these relations, we determine the absorption of the FSS as the

following equation:

2
Zeq - Zair

RN 3)
Zeq + Zair

a = g:l—y: |r|2=

where absorptivity is a, emissivity is g, reflectivity is v, the reflection coefficient is r and the impedance of the
medium is Zeq, respectively. Figure S1(c) shows the dependence of the absorptivity on the equivalent
impedance; high absorptivities above 0.9, were obtained from 200 Ohm to 720 Ohm. It is desirable to match
the value of the equivalent impedance around 377 Ohm at the specific target wavelength for IR selective
emission.

Based on Egs. (1)-(3), we can calculate the equivalent impedance. With these relations, we determine the
qualitative effect of the metal ground on spectral emissivity. We assume that the disk diameter and pitch of the
pattern are 1.5 um and 3 pm, respectively; that the thickness of the dielectric layer is 150 nm with relative
permittivity of 4.94 (at 6 um)® and that the resistance of the pattern is 0.01 Ohm/sq, which is small enough to
obtain IR selective emission in the IR wave. Figure S1(d) shows the effect of the resistance of the metal ground
on the spectral emissivity in the IR wave. Increasing the resistance both widens the bandwidth of the selective

emission, and increases the overall emissivity. The reasons for these effects relate to the dominant factors in
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the equivalent impedance calculation. The resistance is not a function of frequency, contrary to the inductance
and capacitance in Eq. (1), meaning that the resistance term reduces the effects of gap, pitch, and size on the
selective emission and acts like a lossy material in the microwave®*. Therefore, it is desirable to reduce the

effect of resistance for IR selective emission.

24



a b
d
° 1 B R
b — L Disk
Input signal (wave) R D
L
™ w C  Pitch
Zy= [=2=3770
N £o L
R
Output signal ( ) C Disk
utput signal (wave
- ; I L
Zig(pattern) Z(metal ground)
Zog = Zpgs + 25"
; 1.0 ; 1.0F T ,"'!-"'. T T T T —
= = [k
> > I\
g 0.8 g 0.8+ [ e
£ £ [\
¥ o5 Y osf [l A 1
z" E: \ —_— ﬁ!_,_m = gt]}l :nr:r\.n.’sq
= s groung = .1 ONM/5Q
Z 04 Z 04} Ccickania’ |4
Q o reund = 10 0hm/sq
- =
(@] (e) prownd = 100 0hm/sq
_8 0.2 _8 0.2+ o _~
< <
0.0 . L ! 0.0
0 500 1000 1500 2000 3 8 9 10
Equivalent Impedance (Z,) Wavelength (um)

Figure S1. (a) Schematic of a transmission line as a circuit for analyzing the absorptivity (emissivity) of a
frequency selective structure and (b) the geometrical conversion of a metal disk into a capacitance, inductance
and a resistance. (c) Graph of absorptivity (emissivity) as a function of equivalent impedance. (d) Spectral

emissivity of MDM structure as a function of the sheet resistance of the metal ground.
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2. Qualitative visible and IR graphics evaluation of camouflage performance

Figure S2 shows the experimental set up of the qualitative evaluation of camouflage performance using
visible IR graphics. As shown in Fig. S4, the transparent emitter, quartz wafer and conventional emitter
specimens were placed on the paper with printed symbols above a hot plate whose temperature was 37°C.
Before the experiment, we measured the actual temperature of quartz wafer with a K-type thermocouple, and
the temperature of the quartz wafer was 35.8°C varying over the surface by up to 0.7°C during the experiment.
Visible and IR cameras were installed above the specimens and captured similar fields of view for visible and
IR graphical comparisons. The visible camera had a 12MP dual pixel sensor with 1.4-micron pixels and used
an optically stabilized /1.7 lens. The operating wavelength range of the IR camera was 8-14 um. Graphical
data processing was performed on a personal computer. For visible graphics, no post-processing was applied
after data was downloaded from the camera. The IR image was converted into a temperature assuming a surface

emissivity of 0.95, which is the default value of the post processing program used.
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Figure S2. Schematic of the experimental set up for qualitative evaluation of visible and IR camouflage

performance, using a hot plate with printed symbols on paper.
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3. Grid independence test

Figure S3 shows the results of a grid independence test for our numerical simulations. In numerical
simulations, the governing equation is discretized into finite elements, which means that the grid size affects
the simulation results. For this reason, grid independence tests are performed to check the effect of the number
of grids on the simulation results. As shown in Fig. S2, the numerical simulation is independent of the number
of grids once the number of grids exceeds 6785. In this study, we choose 14099 grids, which corresponds to a

maximum element size below 500 nm.
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Figure S3. Graph of spectral emissivity as a function of the number of grids
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4. Parametric study of transparent metamaterials

Figure S4 shows a parametric study of the effect of the thicknesses of the dielectric layer and the metal disk
pattern of ITO and gold on the spectral emissivity of TMM. The thickness of the ITO ground plane is 400 nm,
the diameter and pitch of the metal disks are 1 pm and 3 pum, respectively. Based on the circuit analysis
(Supplementary Information, Section 1), the thickness of dielectric layer and the resistance of the metal ground
and disk pattern critically affect the emissivity. For this reason, in designing TMM, we examined the effect of
these factors on the spectral emissivity by simulation. Figure S4(a) shows the effect of the thickness of the
patterned ITO disks and the effect of changing the disk material to Au. In case of ITO, selective emission does
not occur because the impedance is large at the specific wavelength. However, when we change the material
to metal (Gold) and decrease the resistance, selective emission appears at the specific wavelength, meaning
that the change in material reveals the wavelength dependent impedance.

Figure S4(b) shows that increasing the thickness of dielectric layer increases the overall spectral emissivity.
In general, increased thickness of the dielectric layer acts to increase the impedance, which is fitted to the air
impedance (377 Ohm), and the impedance is a function of wavelength. Based on this numerical analysis, we
chose the thickness of the dielectric layer to be 150 nm and the metal disk material to be Au (t = 100 nm). The
red scattered data presented the experimental results showing a good agreement with simulation data. It meant

that the simulation result can provide the electromagnetic behavior in the transparent metamaterials.
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Figure S4. Parametric study of the spectral emissivity of TMM as a function of (a) the material and thickness
of the metal disk and (b) the thickness of the dielectric layer. Additionally, the simulated results are validated

with experimental data (red dot scattered data).
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Answers to the 15t Reviewer’s Comments

We appreciate the significant efforts that the reviewer put into our paper to review. The reviewer raised
comments about the manuscript. We will respond to those suggestions in the following statements. According to the
reviewer’s opinion, we changed the manuscript with notification by highlighting and attached a full list of changes.

(Comment #1)

The performance of the device in detected bands (3-5 um and 8-14 pm) is not so excellent. The emissivity of the
device in these bands is above 0.3. Is the high emissivity related to the character of ITO or the intrinsic absorption of

Si3N4 in LWIR? Some discussions on reducing the emissivity in these bands are recommended?

(Answer)

The reviewer inquired the reason for higher emissivity in detected bands and further development to reduce
the emissivity. To consider the material effect on the spectral emissivity, the authors simulate MDM structure
depending on the material, such as indium tin oxide (ITO) and Au. Figure R1 shows the spectral emissivity depending
on the material in metal parts.

1.0 ————t
——TMM
—— ITO-SiNX-ITO
0.8} Au-SiNx-Au |
Fary
=S 0.6
0
n
€ 0.4
Ll

o
[S]

0.0

Wavelength (um)

Figure R1. Simulated spectral emissivity of metal-dielectric-metal structure depending on the material in metal parts.

As shown in Fig. R1, we recognize the difference in spectral emissivity depending on the material. In the case
of Au as metal parts, the emissivity in detected bands is low enough to hide the target, similar to the previous study.
Conversely, in the case of ITO as metal parts, the emissivity in detected bands is 0.2, which value is similar to TMM
suggested in this study. It means that ITO is the dominant impact on the spectral emissivity of TMM. For a further
understanding, we described the circuit analysis in the IR regime in the supplementary information. Figure S1 (c)
shows the relation between the equivalent impedance of metamaterial and medium.
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Figure S1. (c) Graph of absorptivity (emissivity) as a function of equivalent impedance. (d) Spectral emissivity of
MDM structure as a function of the sheet resistance of the metal ground.

As shown in Fig. S1(c), we can understand that the emissivity is 1.0 at the equivalent impedance of 377 ohms.
Moreover, the equivalent impedance above 377 ohms maintains the high emissivity. It means that the high resistance
material leads to the high equivalent impedance, which induces the high emissivity. To check the effect of resistance,
we calculate the emissivity with changes in metal ground resistance. As shown in Fig. S1(d), as the metal ground
resistance increases, the overall emissivity also increases. Especially, when the metal ground resistance exceeds the
certain value, the selective emission disappears. Since the electrical resistivity of ITO is 4-5 higher order of resistivity
than the metal, we conclude that the higher emissivity happens in detected bands.

We also considered the contribution of SizNy to the spectral emissivity. In general, Si3Ny is opaque in the IR
band, which means that the emissivity is almost 1. However, as materials become thin (O ~ 100 nm), it can be
transparent as a Beer-Lambert law. To check this behavior, we calculate the transmissivity considered by the internal
reflection. Figure R2 shows the transmissivity of SisNs with the wavelength in 3-14 um.

T T T T T T T T T T

Transmissivity
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w

0.0
345 6 7 8 91011121314

Wavelength (um)
Figure R2. Calculated transmissivity of Si3N4 with the thickness of 100 nm used in this study.

As shown in Fig. R2, we understand that the transmissivity is high (> 0.8) except around 10 pm, caused by
the lattice resonance interacting with the electromagnetic wave. If Si3Ny affects the spectral emissivity dominantly,
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then the peak occurs about 10 pm as decreasing the transmissivity in Fig. R2. In Fig. R1, there is no peak around 10
um. This result means that the Si3Ny has little impact on the spectral emissivity of TMM.

Based on these analyses, to realize a lower emissivity of TMM in detected bands, a novel transparent
electrode having similar electrical conductivity to the metal is needed. ITO is one of the best materials having a visible
transparency and low IR emissivity, which electrical conductivity is not enough to reduce the emissivity as much as the
metal. Therefore, achieving the perfect visible-IR camouflage material needs the development of a transparent
electrode. As the reviewer mentioned, we add and revise some explanations about the main reason for spectral
emissivity. We also add the discussion written in this response as follow:

Revised and Added Sentences in Introduction (Page. 4)

“...Otherwise, some emitters that use transparent materials have been developed for broadband absorption [30,31] in
the IR regime. Based on the circuit analysis, it is hard to get a selective emission in the IR regime because the

transparent electrode has a higher electrical resistivity than the metal which induces the higher emissivity presented in
Fig. S1. Thus, having properties of both visible transparency and IR selective emission simultaneously are challenging

’

issues for artificial multispectral camouflage surfaces. ...’

Revised and Added Sentences in Introduction (Page. 4)

“...Using a quartz and ITO wafer with an Au pattern, we reduce the impedance of structure for a selective emission in
Fig. I(a).....”

Revised and Added Sentences in Research details (Page. 5)
“...Thus, we chose ITO as a total reflector which consumes large area at the bottom of MDM structure. The thickness

of ITO is 400 nm, which reduces the electrical resistivity as much as possible to maintain the visible transparency. In
case of metal disks, based on the circuit analysis, the lower equivalent impedance is important to maintain the
selective emission even though the ITO reflector is used. When the blocked area ratio is small enough to penetrate the
visible light, it is possible to maintain the visible transparency. It means that Au as metal disks can be used for
decreasing the equivalent impedance. The thickness of Au metal disk is 100 nm with an adhesive layer (Ti) of 10 nm. Ti
is a layer for improved adhesion on SizNy, and does not affect the EM behavior, as shown in previous work[8]. The
pitch is 3 um, a disk diameter of 0.89 um. As a dielectric layer, SizN4 with a thickness of 100 nm is chosen because it
has transparency and high permittivity in IR regime, similar to ZnS, which is widely used for IR camouflage
material....”

Added Sentences in Results (Page. 9)
“...For the transparent metamaterials, it is important to consider the material properties having visible transparency

”»

and a selective emission in IR regime. ...

Added Sentences in Conclusion (Page. 14)

“...If the advanced transparent electrode whose electrical conductivity is similar to the metal is developed, we would
expect the spectral emissivity of TMM with maintaining the visible transparency can be identical with the conventional
IR camouflage material. ...”
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(Comment #2)

Two methods have been proposed for evaluating the thermal camouflage with thermal management before. The
first one is using an integrated factor for evaluating the camouflage performance based on the concept of energy
balance (Egs.[3-5] in Ref. [18] and Eq. 2 in Ref.[20]). The second one is direct measuring the radiation temperature
with a fixed input heat source (Refs.[20, 23])). Some discussions on evaluating the thermal camouflage with thermal

management of the proposed device are recommended.

(Answer)

The reviewer asked which evaluations suggested from the authors represented the camouflage performance,
which are the calculation of radiative energy and a direct measure of radiation temperature from the target. The first
concept is the radiative energy ratio between undetected and detected bands [Ref. N. Lee, et al., ACS Appl. Mater.
Interf. 2019, 11 (23), 21250-21257]. As we mentioned in the manuscript, the energy dissipation in undetected bands
due to the reduced emissivity in detected bands was important for preventing the thermal instability of the system.
Thus, we suggested evaluating the camouflage performance, including the reduced and enhanced radiative energy
simultaneously. We thought the calculation of radiative energy representing the ideal camouflage performance of
material in a radiative cooling or a camouflage performance without considering the background. The second
measurement [Ref. M. Pan, et al., Nano Energy 2020, 69, 104449; H. Zhu, et al., Light Sci. Appl. 2020, 9, 60] is a
direct observation on the radiation temperature with a fixed input heat source. It is one of the easiest ways to show the
modified emissivity in the detected band of IR camera. It has a meaning of the magnitude of recognition in the real
condition, which considers the difference between the target and background. In summary, the first factor is the
performance factor in an ideal condition. The second factor is the operating factor that is close to the real condition.
We, the authors, are thankful for this thoughtful comment and add some discussions in the manuscript as follow:

Added Sentences in Results 3.3 (Page. 14)
“...In the case of visible transparency, the visible transmissivity is enough to express the camouflage performance. In

the case of the IR camouflage, there are two ways to explain the IR camouflage performance. On the one hand, the
direct measurement of radiation temperature represents the actual camouflage performance in detected bands [17,20].
On the other hand, the calculation of emissivity energy in the IR regime is utilized to evaluate the ideal camouflage
performance [18,19]. In this study, we assess both to demonstrate the camouflage performance....”

(Comment #3)

Some abbreviations should be specified. For example, "TMM" in the abstract and "O~10nm", "O~Imm" in the
introduction.

(Answer)

We, the authors, are thankful for your detailed comments. We revised and added some sentences as follows:

Revised Sentence in Abstract (Page. 2)
“...Herein, we realize transparent metamaterials (TMM) as visible-IR camouflage surfaces....”
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Revised Sentence in Introduction (Page. 4)

“...For example, the unit cell size of metamaterials differs depending on the targeted wave, which the size is about 10
nm in the visible wave and about 1 mm for microwaves [29];...”

Revised Sentence in Conclusion (Page. 14)

“...The used structure size having the order of 1 um is facile to fabricate except for microscopic structures being the
order of 10 nm. ...”

(Comment #4)

The colorbar of some figures should be modified. For example, it will be more convincing to substitute "H" and
"C" in Fig. 1(d) with Max and Min.

(Answer)

The reviewer commented that it is better to indicate the temperature in Fig. 1(d) with Max and Min. The
authors agreed to the reviewer’s opinion because the temperature value is essential to convince the camouflage
performance on the heated plate. Thus, we revised the figure as follow:

Revised Figure 1

-Au
SisN,

T/°C
40

i

Figure 1. (a) Schematic of transparent metamaterials (TMM) structure, which consists of quartz (substrate), indium tin
oxide (ITO) (metal ground), SizNy4 (dielectric layer) and Au/Ti (metal disks). (b) Scanning electron microscope (SEM)
image of the fabricated TMM (disk diameter = 0.89 um, pitch = 3 pm, tiro = 0.4 pum, tsisna = 0.15 pum and tawri =
0.1/0.01 pum. (c) Visible images of the TMM. (d) IR thermograph of the TMM.
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(Comment #5)
The page number for Ref.[21] is missing and it should be 1900162.

(Answer)

The reviewer commented on some typos in the manuscript, including the reference. We revised and added

some typos in the manuscript as follows:

Revised References
[13] H. Tian, H-T. Liu, H-F. Cheng, A thin radar-infrared stealth-compatible structure: Design, fabrication, and

characterization, Chin. Phys. B 23 (2014) 025201.

[21] Ziquan Xu, Qiang Li, Kaikai Du, Shiwei Long, Yang Yang, Xun Cao, Hao Luo, Huanzheng Zhu, Pintu Ghosh,
Weidong Shen, Min Qiu, Spatially Resolved Dynamically Reconfigurable Multilevel Control of Thermal Emission,

Laser Photon. Rev. 14 (2020) 1900162.
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Answers to the 2" Reviewer’s Comments

We appreciate the significant efforts that the reviewer put into our paper to review. The reviewer raised a
comment about the manuscript. We will respond to those suggestions in the following statements. According to the
reviewer’s opinion, we changed the manuscript with notification by highlighting and attached a full list of changes.

(Comment #1)

The emissivity near the wavelength of 3 um is still high for the purpose of infrared stealth. Did the author consider

the reason causing this result and the methods to avoid the high infrared emissivity?

(Answer)
The reviewer commented that the relative high emissivity of TMM in 3-5 pm is difficult for applying the

camouflage material. We think that it is insufficient to explain IR camouflage contents in the manuscript. The emissive
energy is dependent on the temperature and wavelength based on Stefan-Boltzmann’s law as the following equation:
2mhc?
heo/k ) ()
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Ebl (A! T) =

A® |exp]

Based on Eq. (1), as the temperature increases, the peak wavelength moves toward the shorter wavelength,
Wien’s displacement law. It means that the emissive energy from hot parts (> 600°C) emits through 3-5 um and such
energy from cold parts (<100°C) dissipates through 8-14 um, which is the same procedure in the IR camouflage.
Figure R3 shows the schematics of temperature distribution on the aircraft [Ref. T. Kim, et al., J. KIMST, Vol. 17, No.
6, pp. 764-772, 2014.]. As shown in Fig. R3, we recognize that the emissivity energy at the rear fuselage skin heated
by engine/plume emits through 3-5 um. The nose, canopy, intake and leading edges radiate through 8-14 um caused by
aerodynamic heating. In the case of 3-5 um, the absolute IR intensity is so high that it is possible to avoid threats using
the artificial hot source such as flair. However, In the case of 8-14 um, since the IR seeker finds the intensity contrast
between target and background, there is no way to evade threats. Thus, it is much more critical to reduce the IR
signature in 8-14 pm than 3-5 pm [Ref. T. Kim et al., IEEE Trans. Aerosp. Electron. Sys., 2016 vol. 52, no. 5, pp.
2467-2476]. Thus, we have tried to lower the spectral emissivity in 8-14 um at first.

(a) MWIR (3~5 um) (b) MWIR (3~5 um)
Rear fuselage skin heated by Rear fuselage skin heated by
LWIR (8~12 um) engine/plume engine/plume

Aerodynamically .
e
nose, canapy, intake, -
leading edges, i —
fuselage skin heated by f = -
reattached flow %
- —
S

J 1—’ hI‘AJ.:q Sl: Um_‘ Englne

H C Aerodynamically exhaust plume
&~ [ - heated surfaces; nose, intake, leading edges

Figure R3. Schematic of temperature distribution on the aircraft calculated by the numerical simulation.
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In IR seeker, they observe the total energy flux in detected bands. It means that some of the peak values are
not dominant impact on the total emissivity energy. In TMM, although the emissivity around 3 um is about 0.7, the
averaged emissivity is 0.36 in 3-5 pm, which value is possible for hiding the signature to confuse the IR seeker as we
think. Additionally, TMM has visible transparency, which makes enhanced survivability against external threats in
visible regime.

Norm
Magnetic
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[T 1.0

ﬁ
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Figure R4. Magnetic field of TMM at 3 um.

Moreover, the high peak below 3-4 um is not easy to control because it is related to metal's intrinsic property.
Figure R4 shows the magnetic field at the cross-section of the y-z plane. Different from Fig. 2(d), the magnetic field
happens at the interface of Si3N4 and ITO. We think that the surface plasmonic behavior occurs and induces the
emissivity at 3 um. Unfortunately, the non-localized plasmonic behavior like the surface plasmonic behavior is not
controlled by changing the geometrical factors because the intrinsic properties of dielectric material and metal
originate its plasmonic behavior. It is also observed in the conventional MDM structure around 3 pm [Ref. N. Lee, et
al., ACS Appl. Mater. Interf. 2019, 11, 23, 21250-21257; N. Lee, et al., ACS Appl. Mater. Interf. 2020, 12, 7, 8862—
8869]. Thus, it is needed to develop the novel transparent electrode or find the material having a visible transparency
and IR reflectivity simultaneously to solve this problem. Related to the discussion, we need to add sentences for
general readers in ‘International Journal of Heat and Mass Transfer’ as follow:

Added Sentences in Results and Discussion (Page. 12)

"Depending on the target's temperature distribution, common IR detectors match their operating band to the

detected bands, so for IR camouflage, IR is reduced in the 3-5 um of hot parts and 8-14 um of cold parts [39]. The
reason is that radiative energy is a function of temperature and wavelength. When the target temperature increases,
the peak wavelength of maximum radiative energy from the target decreases based on Wien'’s displacement law [35].”

(Comment #2)

For metamaterials with metal substrates, the average emissivity in the wavelengths of atmosphere windows can be
below 10%. However, with the ITO substrate, this part of emissivity is relatively higher. Does the absorption of ITO

in the infrared wavelength range lead to this?

(Answer)

The reviewer commented the higher emissivity of TMM compared to the conventional emitter composed of
metals. We think that higher emissivity is due to the higher resistance of the material (ITO) than the metal. As we
mentioned in the circuit analysis in the supplementary information, when the equivalent impedance of the material is
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identical with the medium’s impedance (377 ohms), the emissivity will be 1. Additionally, as shown in Fig. S1(c), the
equivalent impedance above 377 ohms steadily maintains the higher emissivity. It means that the increase of resistance
in metal parts induces the higher emissivity because the equivalent impedance is close to the air (377 ohms). In Fig.
S1(d), the spectral emissivity is a function of the sheet resistance in the metal ground. We can understand that the
higher sheet resistance leads to the higher emissivity and weakens the selective emission. Based on this result, we
conclude that the higher resistance of ITO induces the higher emissivity in the IR regime compared to the conventional

emitter.
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Figure S1. (c) Graph of absorptivity (emissivity) as a function of equivalent impedance. (d) Spectral emissivity of

MDM structure as a function of the sheet resistance of the metal ground.

To check this hypothesis of the material effect on the spectral emissivity, we simulate MDM structure
depending on the material such as indium tin oxide (ITO) and Au. Figure R1 shows the spectral emissivity depending

on the material in metal parts.
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Figure R1. Spectral emissivity of metal-dielectric-metal structure depending on the material in metal parts.
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As shown in Fig. R1, we understand the difference in spectral emissivity depending on the material. In the
case of Au as metal parts, the emissivity in detected bands is low enough to hide the target, similar to the previous
study. Conversely, in the case of ITO as metal parts, the emissivity in detected bands is 0.2, which value is close to
TMM suggested in this study. Generally, the emissivity is related to the electrical conductivity of the material at a
certain wavelength. The reason is that particles causing the electrical current interact with the electromagnetic wave
and induce the material's reflectivity. Thus, we recognize high spectral emissivity in detected bands generated by the
high resistance of ITO compared to the metal such as Au.

Based on these analyses, to realize a lower emissivity of TMM in detected bands, a novel transparent
electrode having similar electrical conductivity to the metal is needed. ITO is one of the best materials with visible
transparency and low IR emissivity, which electrical conductivity is not enough to reduce the emissivity as much as the
metal. Therefore, the development of a transparent electrode is needed for achieving the perfect visible-IR camouflage
material. As the reviewer mentioned, we add and revise some explanations about the main reason for spectral
emissivity. We also add the discussion written in this response as follow:

Revised and Added Sentences in Introduction (Page. 4)
“...Using a quartz and ITO wafer with an Au pattern, we reduce the impedance of structure for a selective emission in
Fig. I(a). ...”

Revised and Added Sentences in Research details (Page. 5)
“...Thus, we chose ITO as a total reflector which consumes large area at the bottom of MDM structure. The thickness
of ITO is 400 nm, which reduces the electrical resistivity as much as possible to maintain the visible transparency. In

case of metal disks, based on the circuit analysis, the lower equivalent impedance is important to maintain the
selective emission even though the ITO reflector is used. When the blocked area ratio is small enough to penetrate the
visible light, it is possible to maintain the visible transparency. It means that Au as metal disks can be used for
decreasing the equivalent impedance. The thickness of Au metal disk is 100 nm with an adhesive layer (Ti) of 10 nm. Ti
is a layer for improved adhesion on SizNy, and does not affect the EM behavior, as shown in the previous work [§].

The pitch is 3 um, a disk diameter of 0.89 um. As a dielectric layer, Si;Ns with a thickness of 100 nm is chosen because
it has transparency and high permittivity in IR regime, similar to ZnS, which is widely used for IR camouflage
material....”

(Comment #3)

What is the inner mechanism of enhanced transmittivity with quartz wafers?

(Answer)

In this study, we suggest TMM having the visible transparency and the IR camouflage performance

simultaneously. To secure the electromagnetic (EM) wave's transparency, we choose the monotonical decrease of
refractive index by increasing the wavelength, called a normal dispersion. Conversely, due to the resonance between
the EM wave and atoms in the material, if the change of refractive index with the wavelength abruptly increases, the
anomalous dispersion occurs, which causes the high absorption around the resonance regime. Since this behavior is
related to material's intrinsic property, it is not easy to choose the appropriate material for realizing the transparency at
a certain regime. By considering these characteristics, we choose the quartz wafer and ITO for visible transparency.
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Additionally, the IR camouflage material is based on MDM structure. However, the metal reflector at the
bottom of the MDM structure blocked the EM wave completely, which causes the visible recognition by threats. Thus,
to substitute the metal reflector, we should understand the ‘metallic behavior’ of material in optics. As we know, the
‘metallic behavior’ happens due to the interaction between the material atoms and EM wave [Ref. E. Hecht, Optics,
Addison Wesley San Francisco, 2002]. It means that the conductive material can act as the metal reflector of MDM
structure. Since our objective is the visible transparency with IR camouflage performance, we judged that the
transparent electrode such as ITO can be a metal reflector. Besides, we should perform lithographic procedures
because the feature size is about 1 um. It leads to the quartz wafer because it has visible transparency (>0.95) and low
roughness possible for MEMS fabrication. Based on this discussion, we added and revised some sentences as follows:

Research Sentences in Research details (Page. 5)

“...Quartz wafer is widely used as a substrate for micro-nano fabrication due to its visible transparency. ...”

Revised and Added Sentences in Research details (Page. S)
“...Thus, we chose ITO as a total reflector which consumes large area at the bottom of MDM structure. The thickness

of ITO is 400 nm, which reduces the electrical resistivity as much as possible to maintain the visible transparency. In
case of metal disks, based on the circuit analysis, the lower equivalent impedance is important to maintain the
selective emission even though the ITO reflector is used. When the blocked area ratio is small enough to penetrate the
visible light, it is possible to maintain the visible transparency. It means that Au as metal disks can be used for
decreasing the equivalent impedance. The thickness of Au metal disk is 100 nm with an adhesive layer (Ti) of 10 nm. Ti
is a layer for improved adhesion on Si3N4, and does not affect the EM behavior, as shown in the previous work [8].
The pitch is 3 um, a disk diameter of 0.89 um. As a dielectric layer, Si3N4 with a thickness of 100 nm is chosen
because it has transparency and high permittivity in IR regime, similar to ZnS, which is widely used for IR camouflage

’»

material.. ...

(Comment #4)

What is the reason to choose SizNjy as the dielectric layer?

(Answer)

The reviewer commented on the choosing reason of Si3sN4 as the dielectric layer. In general, the MDM

structure for IR regime is a transparent material as the dielectric layer such as Al,Os and ZnS. However, these
materials are limited in conventional micro-fabrication facilities. Therefore, we change our strategy to use silicon-
based materials such as SiO; or Si3Njy as a dielectric layer. In the case of Si02, this is quite famous for treating the
passivation layer in the microfabrication. However, the relative permittivity is too low to lead to the selective emission.
In addition, at 10 pum, the strong lattice resonance induces high emissivity, which is not suitable for our strategy. In the
case of Si3Ny, it has a similar permittivity (5.43 at 5 um) to ZnS (5.02 at 5 um). This permittivity can lead to a thin film
with a thickness of 100 nm. In general, due to the Beer-Lambert law, all material can be transparent with a thin layer.
To check this behavior, we calculate the transmissivity considered by the internal reflection. Figure R2 shows the
transmissivity of Si3N4 with the wavelength in 3-14 um.
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Figure R1. Spectral emissivity of metal-dielectric-metal structure depending on the material in metal parts.
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Figure R2. Calculated transmittivity of SisN4 with the thickness of 100 nm used in this study.

As shown in Fig. R2, we understand that the transmissivity is high (> 0.8) except around 10 pm, which is
caused by the lattice resonance interacting with the electromagnetic wave. If Si3Ny affects the spectral emissivity
dominantly, then the peak occurs around 10 um as decreasing the transmissivity in Fig. R2. In Fig. R1, there is no peak
around 10 um. This result means that the Si3N4 has little impact on the spectral emissivity of TMM. These results show
that Si3Ny can also use the dielectric layer in MDM structure for IR camouflage.

Added Sentences in Research details (Page. 6)
“As a dielectric layer, SisNy with a thickness of 100 nm is chosen because it has transparency and high

permittivity in IR regime, similar to ZnS, which is widely used for IR camouflage material.”

‘ (Comment #5)
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According to the mechanism of the MIM structure, is there any possibility to replace the top pattern from gold to
ITO?

(Answer)
The reviewer asked about the possibility of replacing the top pattern from gold to ITO. To consider the

material effect on the spectral emissivity, we simulate MDM structure depending on the material such as indium tin
oxide (ITO) and Au. Figure R1 shows the spectral emissivity depending on the material in metal parts.
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Figure R1. Spectral emissivity of metal-dielectric-metal structure depending on the material in metal parts.

As shown in Fig. R1, we understand the difference in spectral emissivity depending on the material. In the
case of Au as metal parts, the emissivity in detected bands is low enough to hide the target, similar to the previous
study. Conversely, In the case of ITO as metal parts, the emissivity in detected bands is 0.2, which value is similar to
TMM suggested in this study. Generally, the emissivity is related to the electrical conductivity of the material at a
certain wavelength. The reason is that particles causing the electrical current interact with the electromagnetic wave
and induce the material's reflectivity. Thus, we recognize that only ITO as metal parts in MDM structure cannot be
realized for a selective emission sufficiently for IR camouflage.
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