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Thermal radiative emission in vacuum is minimized using metal-backed flexible “space blankets” that have a

theoretical minimum infrared emittance of 0.03. However, their presence under oxygenated and degradation-prone

environments rapidly increases emittance due to metal oxidation, surface pitting, and implantation of contaminants.

A monolithic dielectric coating composed of microscale periodic metasurface gratings on multilayers and metal thin

film can achieve sub-1% total emittance. The minimum emittance can be tailored to any temperature-function

blackbody emission, so long as the selected dielectric coating materials have near-zero absorption. Using

computational optimization and theoretical understanding of high-contrast grating phase-shift mode conditions,

we identified characteristic at-wavelength germanium gratings and a near-quarter-wave layer above a low-

refractive-index infrared-transparent Fabry–Pérot multilayer interference cavity. This dual mechanism can

achieve a room-temperature total emittance of 0.0085, paving a new theoretical minimum multilayer insulation

effective conductance. As multilayer insulation, this coating offers total effective emittance of 0.0032 per pair of

optimally mismatched grating surfaces. This ultrahigh reflection coating design can also be relevant in thermal

management of refrigeration and electronic components.

Nomenclature

c0 = speed of light, m/s
d = layer thickness, μm
E = electric field
f = grating width-to-period filling ratio or duty cycle
H = magnetic field
h = grating height, μm
ℏ = Planck constant, J ⋅ s
k = wave vector, rad/m
kB = Boltzmann constant, J/K
N = orders or layers
n = refractive index
q = eigenvalue
r = Fresnel reflection coefficient
S = surface roughness scattering coefficient
T = temperature, °C or K
t = Fresnel transmission coefficient
v = eigenvector
w = grating width, μm
α = absorptance
β = lateral wave vector, rad/m
δ = root-mean-square roughness, nm
ε = emittance
Θ = Planck blackbody function, W∕�μm ⋅m2�
θ = incident angle, rad or deg
κ = absorption coefficient
Λ = grating period, μm
λ = wavelength, μm
ρ = reflectance
σ = Stefan–Boltzmann constant, W∕�m2 ⋅ K4�
τ = transmittance
ψ = phase, rad/s
ω = frequency, rad/s

Subscripts

b = back
f = front
Gr = grating
H = hemispherical
h = high-refractive-index material
inc = incident
l = low-refractive-index material
m = metal layer
n = normal incident
p = plasma
r = roughness
rms = root mean square
sub = substrate
TE = transverse electric
TM = transverse magnetic

Superscript

� = effective

I. Introduction

T HERMAL radiative coupling between surfaces is minimized
withmetallic coatings or thin films. These radiation sheet barriers

are used in various thermal management applications, such as space-
craft space blankets, refrigeration component insulation, household
climate control, andmany others. The effective conductance of layered
metallized blankets called multilayer insulation is minimized with
more layers and avacuumenvironment [1]. Themechanism that allows
thermal decoupling is due to low photonic emittance (high reflectance)
surfaces. Traditionally, these surfaces consist of submicrometer-thin
physical vapor deposited metals because their electrical conductance
results in field cancellation from external electromagnetic waves [2,3].
Transition metals such as aluminum, copper, gold, silver, and others
are free electron dense, resulting in high plasma frequency, as descri-
bed by the Drude free electron damping model [3,4]. With these
metals, the low-energy gap between oxidation states combined with
the metal bond lattice ductility makes them susceptible to degradation
of optical properties [5,6]. Thickness-dependent formation of surface
oxidization and defects can increase infrared emittance by severalf-
old, whereas typical submicrometer root-mean-square roughening can
increase visible to near-infrared wavelength absorptivity from solar
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radiation [7–9]. In spaceflight environments, the optical properties of
coatings quickly degrade over the first two years due to surface pitting
from outgassing, micrometeoroids or debris, high-energy particle
radiation, and atomic oxygen in low Earth orbit [1,10,11]. To resist
mechanical and optical degradation of these metal films on flexible
polymer substrates, manufacturers apply micrometer-thick surface
finishes such as silica, indium tin oxide, germanium, and transparent
polymers [1,2,12]. As a means to improve these surface finishes, we
propose a scalable micropatterned optical coating that both protects
against physical degradation and improves the infrared thermal radi-
ative performance.
Several mechanisms can achieve high reflectance without a plain

metal mirror. One mechanism is Fabry–Pérot interferometry, which
produces near-perfect resonant reflection and transmission by
designing appropriate transparent material thicknesses and refractive
index contrast [3,13]. Fabry–Pérot cavities typically contain a low-
refractive-index transparent insulator cavity layer surrounded by
high-refractive-index thin-film boundaries. This traditional Fabry–
Pérot mechanism has been linked with multilayer Bragg mirrors
[3,14], fiber-optic waveguides [15], laser resonators [16], perfect
radiative absorbers [17,18], and Michelson interferometry for vibra-
tional and thermal detection [19,20]. More recently, the Fabry–Pérot
mechanism helped achieve potential spacecraft radiator switching on
and off of near-unity emittance using insulating-to-metal temperature
phase transition materials, such as vanadium dioxide (VO2) [21–23].
The Fabry–Pérot interference quality is additive; a very large number
of periods of cavity quarter-wave multilayers can enable perfect
transmission or reflectance. However, in the interest of minimizing
the thickness of a monolithic coating, a complementary resonant
mechanism should be considered.
The second and somewhat similar mechanism is the high-contrast

grating (HCG), which a periodically patternedmicrostructuredmeta-
surface that acts as a phase-shift mode waveguide [24]. This unique
type of grating design is attributed to Constance Chang-Hasnain and
co-authors, and since themid-2000swas originally applied tomirrors
in vertical cavity surface emitting lasers (VCSELs) [24–26]. HCG
can obtain high-quality broadband reflectance exceeding 0.99 at
normal incidence by virtue of high-refractive-index structures having
a period or duty cycle comparable to thewavelength surrounded by a
low-index medium: typically vacuum [27–29]. Monolithic HCG
constructions on optical thin films have also been used in electro-
mechanical tunable mirrors, optical resonators and switches, thermal
emitters, and more [30,31]. Interestingly, there has yet to be a formal
assignment of HCG in ultrahigh reflectance metasurfaces toward a
more effective thermal insulation. This paper examines the optical
interference mechanisms of HCG on its own and in assistance to the
Fabry–Pérot cavity as a performance thermal reflector.
We also recognize the nonradiative means to provide ultralow

thermal transport. Aerogel, which is a nanoporous silica, can achieve
thermal conductance as low as 8 mW∕�m ⋅ K� [32]. A boron nitride
nanotube embedded polymer gel could maintain low thermal con-
ductance in a high-temperature condition, outperforming sole poly-
mer substrates [33]. However, a big weakness with mixed-phase gas
effectivemedium foams, slabs, and paints is their outgassing between

atmospheric and vacuum pressures, creating vacancies and tears in
films [1]. Although recent interest in sustainable, renewable, and
bioinspired building insulation materials has surfaced to address
material impact on the terrestrial environment and climate, their
endurance and performance in demanding environments have yet
to be assessed [34,35]. In this study, we identify materials and pattern
designs that can obtain lower infrared radiative emittance than pris-
tine metal. A survey of existing thin-film coating materials assesses
the suitability of their thermal insulative performance. With a set
of ideal materials, we study the both Fabry–Pérot and HCG optical
mechanisms for achieving near-perfect reflectance. Variations in
coating designs at corresponding temperature conditions and inte-
gration into multilayers are evaluated for effective conductance
performance in vacuum. The goals of this investigation are to obtain
a perfect infrared mirror and to elaborate the design values for
tailorable radiative insulation conditions. The concept of a protective
coating exceeding the reflectance of the existing metal thin-film
substrate could impact the engineering of compact and resilient
spacecraft architectures, building insulation and fire protection as
well as cryogenic device thermal management.

II. Parameters and Computational Methodology

This section describes materials’ selection, their optical properties,
and calculation of radiative properties of both Fabry–Pérot multi-
layers and periodic gratings. The combined configuration illustration
of the HCG and Fabry–Pérot coating, as well as their representative
material types, is represented in Fig. 1. The grating period is Λ, its
width is w, and its height is h. Two-dimensional (2-D) high-contrast
gratings have dimensions Λ and w in both x and y. The multilayer
thicknesses are d. The material or layers’ refractive indices are
designated by n. The uppermost layer (blue) consists of the high-
refractive-index material for HCG and the Fabry–Pérot boundaries.
The Fabry–Pérot cavity layer (green) is a low-refractive-index
material. This is on top of metal thin film, which is typically no more
than a few hundred nanometers thick. A structural substrate can be
used to allow flexibility and is made of polymers. The other side can
optionally be coated to further reduce radiative coupling.

A. Optical Properties of Materials

In selecting materials comprising the coating, the imaginary com-
ponent or absorption coefficient of the refractive index should be
minimal for thewavelength range of interest. Tominimize absorption
from solar irradiation or emission from high-temperature black-
bodies via Kirchhoff’s law of radiation, a dielectric or insulator must
have a near-zero imaginary component of the refractive index κ
in the visible (λ � 0.4–0.7 μm) and up to the near/short infrared
(λ � 0.7–3 μm). To minimize emission from terrestrial or room-
temperature bodies, the transparency region is between λ � 3 μm
and beyond 30 μm, which is the mid- to far-infrared range. For
cryogenic and subkelvin bodies, the transparency region in the
wavelength of interest may be complicated because it could lie in the
microwave (λ > 1000 μm). On the other hand, materials to be used
for themetal substrate are less varied and less rigorous. Consideration

Fig. 1 Illustrated schematic of materials and nomenclature of the combined high-contrast grating and Fabry–Pérot radiative coatings.

2 Article in Advance / ZHANG AND ARAKI

D
ow

nl
oa

de
d 

by
 R

ic
ha

rd
 Z

ha
ng

 o
n 

A
ug

us
t 3

0,
 2

02
2 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.T
66

36
 



formetals is rather on its high plasma frequencyωp dependency in the

short wavelength UV-visible range spectrum, where aluminum
(15 eV) exceeds that of gold, silver, and copper (7–9 eV) [3,4,36].
Moreover, appropriate environmental conditions on these metals
must also beweighted. The structural polymermaterial type ismostly
dictated by mechanical strength and stability in operating temper-
atures; the polymer may participate in radiative exchange in single-
side coated sheets.
Table 1 outlines some candidate dielectrics, metals, and polymer

materials for radiative barriers under high-temperature applications
and under room-temperature applications. For each category, the
preferred material is listed first. The visible to near-infrared range
is considered for minimizing solar absorptivity α. For high-index
dielectrics having transparency windows from 300 nm up to 10 μm,
hafnium oxide (HfO2) and tantalum pentoxide (Ta2O5) have near-
constant refractive indices of n � 1.9 and n � 2.1, respectively
[37,38]. These heavy transition metal oxides present interband elec-
tron resonance, resulting in broad Lorentz high-κ absorption peaks
centered around the mid- and far infrared [3]. The more ubiquitous
silicon dioxide (SiO2) or quartz crystal is a low-refractive-index
material with n � 1.5 from the visible wavelengths up to 7.5 μm
[39,40]. To reach a lower refractive index, mineral fluorides may
provide good alternatives. For example, calcium fluoride (CaF2) has
transparency up to around 19 μm, with a refractive index around n �
1.4 [41].Metal thin filmwith a high free electron density is preferred,
such as aluminum (Al) and possibly copper (Cu), so that frequencies
beyond plasma oscillations lie in the extremeUV [3,8,42]. Gold (Au)
and Silver (Ag) are other possible metal films. Lastly, the polymer
material can vary among Kapton (polyimide), biaxially-oriented
polyethylene terephthalate (BoPETorMylar™), and polytetrafluoro-
ethylene (PTFE or Teflon™). Orange-colored Kapton is thermally
stable, but it presents the highest natural absorptance and emittance
due to its multitude of broad and narrow phonon absorption peaks in
the infrared [43,44]. ClearMylar presents better optical properties but
degrades under the sun [1,45]. Teflon is similar to Kapton in its
infrared emittance and has better transparency under the solar spec-
trum; Teflon is used as a spacecraft optical solar reflector, but its
temperature tolerance window (−200 to �260°C) is narrower than
Kapton’s (−269 to �400°C) [1,43]. These tradeoffs can be more
seriously considered at the manufacturers’ discretion.
For targeting room-temperature operation radiative insulation, the

high-refractive-index dielectric can be either germanium (Ge) or
silicon (Si). Ge has the highest refractive index of n � 4.0 through
all infrared wavelengths, but it is absorbing at wavelengths below
1 μm [46]. The Ge crystal structure is face-centered cubic and can be
amorphous with little change to electron band function, but Ge
becomes conductive above 350 K as thermal electrons enter the band
gap [47]. Undoped Si has a slightly lower refractive index of n � 3.4,
from the visible to the far infrared [48]. For the low-index dielectric
materials, the candidate pool becomes limited as the bound electron
absorption of oxides occurs in the mid- to far-infrared. CaF2 also
becomes too absorbing, where its Reststrahlen peak or Lorentz
resonance is centered near 40 μm. Heavy mineral fluorides also with
n ≈ 1.5, such as barium fluoride (BaF2), have their Reststrahlen peak
centered near 50 μm [47]. Another class of infrared-transparent
dielectrics includes heavier halogen salts, and bromides. Cubic
potassium bromide (KBr) has been used in infrared-transparent
glasses because its Reststrahlen peak lies beyond 70 μm and its
infrared refractive index is just slightly higher at n � 1.55 [49]. In

the case study of low emittance coating design for room-temperature
conditions, we choose Ge and KBr for their offering of highest-
refractive-index contrast as well as transparency in the broad infrared
wavelengths matching the Planck blackbody function at 300 K.
From this material survey, we compare the effect of imperfect or

degraded metallized thin film on spectral solar absorptance and
infrared emittance. We also model and compare the spectra of pre-
existing protective thin-film coating solutions used by metallized
blanket manufacturers. The spectral normal absorptance is desig-
nated by αn;λ, and the spectral normal emittance is designated by εn;λ.
At normal incidence fromvacuumand through a layer of thicknessd1
having a complex refractive indexn1 on an opaque large-indexmetal,
the thin-film equation can be approximated by

αn;λ; εn;λ � 1 −
���� �1 − n1� − �1� n1�e4iπdn1∕λ
�1� n1� − �1 − n1�e4iπdn1∕λ

����
2

(1)

For a film with zero κ1, and therefore no decay term, αn;λ and εn;λ are
zero. But, with an attenuating thin filmwith nonzero κ1, this equation
becomes more complicated. In Figs. 2a and 2b, flat aluminum is
covered with a 20-nm-thick aluminum oxide (Al2O3) film having a
dielectric function by Querry, which is typical under exposure to
atmospheric conditions [50]. Compared to bare aluminum experi-
mentally obtained by Ordal et al., the infrared emittance uniformly
increases by roughly 0.02 but oxidation does not greatly affect
absorptance from visible and near-infrared light [51]. Using a normal
incidence, surface roughness, scattering reflectance, coefficient fac-
tor Sr;n for a 20 nm rootmean square δrms, the term inside the absolute

brackets in Eq. (1) is modified by

Sr;n � e−8π
2δ2rmsn

2
m∕λ2 (2)

Due to its λ−2 scaling, the surface roughness effects are more promi-
nent in the short wavelengths. This is observed in the increase in
absorptance invisible radiationwavelengths below 0.7 μm. Therefore,
the presence of both a metal surface protective and nonoxide coating
can critically improve radiative insulative performance. Silver has
better reflectance; but, due to its higher susceptibility to atmospheric
and thermal tarnish or corrosion, it requires a protective finish [52].
Protective coatings can offer both degradation protection and

electrostatic discharge (ESD) buildup mitigation [1,2]. A polymer
coating such as polymethyl methacrylate (PMMA or Acrylic) on the
metal side only offers the former. PMMAs, like all the polymer
structural substrates, have many narrowband long-chain phonon
absorption modes, which were observed by Zhang et al. [45] and
Tsuda et al. [53]. From a 300-nm-thick PMMA on aluminum, the
spectral emittance shows many peaks in the mid- and far infrared, as
well as a minimal increase in absorptance in the visible wavelength
range. Silicon oxide (SiO), which is slightly more favorable than
SiO2 due to its slightly narrower Lorentz absorption centered around
λ0 � 10 μm, drastically increases infrared emittance. SiO is only for
preventing mechanical burnishing. In consideration of the materials
presented in Table 1, we apply a 300-nm-thick layer of KBr with a
dielectric function from Palik, and the infrared emittance is mini-
mally affected [49]. This layer of infrared-transparent coating
presents similar absorptance and emittance spectra as the PMMA
polymer but without the narrow absorptance peaks. Although not
shown in Fig. 2d, a 300-nm-thick layer of vacuum-deposited Ge
defined by Amotchkina and Porter on aluminum demonstrates high
emittance due to its high refractive index, as well as high absorptance
due to its phonons [47]. A layer of Ge around 50 nm or thinner can
reduce its constructive interference in the infrared. Section III
explores the appropriate thicknesses needed to minimize emittance
using infrared glasses of KBr and Ge.

B. Rigorous Coupled-Wave Analysis

Rigorous coupled-wave analysis (RCWA) is used to obtain the
optical properties and electromagnetic field of the periodic structures.
The RCWA formulations are derived from Fourier expanded wave
equations [54,55]. The electric EGr and magnetic HGr fields in the

Table 1 Coating materials targeting visible to near-/short-infrared,
and mid- to far-infrared wavelengths [10]

Visible to near/short
IR (0.3–2.4 μm)

Mid- to far
IR (5.0–35 μm)

High index HfO2 [37], Ta2O5 [38] Ge [47], Si [3]

Low index SiO2 [40], CaF2 [41] BaF2 [41], KBr [49]

Metal [3,4] Al, Cu Al, Ag, Au

Substrate Kapton [44], Mylar [45], Teflon [43]
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simple grating shown in the uppermost layer in Fig. 1 are calculated

by the Fourier expansion of the space-harmonic field terms:

EGr �
X
j

Ej�z� exp�ikx;jx� (3a)

HGr � i

�����
ε0
μ0

r X
j

Hj�z� exp�ikx;jx� (3b)

where Ej and Hj are the amplitudes of the space-harmonic compo-

nent fields of diffraction orders j � 0;�1;�2; : : : ;�N. For all

cases of one-dimensional (1-D) RCWA, the order number is

N � 19, which is more than adequate for far-field radiative proper-

ties of nonplasmonic gratings [56]. Note that kx;j is the lateral wave
vector, which is decomposed into kx;j � 2π sin θ∕λ� 2πj∕Λ [3].

Equations (3a) and (3b) are substituted into the coupled-wave system

of equations, which is given by

X
j

�
1

k20

∂2Ej

∂z2
−
k2x;j
k20

Ej �
X
p

n2j−p�x�Ep

�
� 0 (4)

where the refractive index in the grating region is expanded into a

Fourier series such that nj−p � 0when j � p [54,55]. This coupled-

wave equation can be expressed in a �2N � 1� × �2N � 1� matrix,

which is solved by using the boundary conditions at the surface

�z � 0� for the electric field and the tangential component of the

magnetic field at the interface between the incident and the grating

region, as well as the grating and the substrate. Ej can be expressed

with a large number of reflected mode eigenvalues qm and eigenvec-

tors vm with forward- and backward-propagating wave coefficients

Aj;m and Bj;m, respectively. The grating diffraction-order-dependent

reflection rj and transmission coefficients tj can then be solved in

matrix operations using

rj � r0 �
X∞
m�0

vj;m�Aj;m � Bj;m exp�−k0qmd�	 (5a)

tj �
X∞
m�0

vj;m�Aj;m exp�−k0qmd� − Bj;m	 (5b)

where r0 � 1 for j � 0, and r0 � 0 for j ≠ 0. The overall reflectance
and transmittance can be obtained from calculating reflected and

transmitted diffraction efficiencies defined as

DEr;j � rjr
�
jRe

�
kinc;j

k0 cos θ

�
(6a)

DEt;j � tjt
�
jRe

�
ksub;j

k0 cos θ

�
(6b)

This system of equations obtains the reflectance

ρλ �
X

DEr;j

and transmittance

Fig. 2 Absorptance (Fig. 2a) and emittance spectra (Fig. 2b) of aluminum, its after effects, and silver. Absorptance (Fig. 2c) and emittance spectra (Fig.
2d) of protective films.
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τλ �
X

DEt;j

by applying the same procedure to coupledHj waves [3,54,55]. The

spectral emittance is related via ελ � 1 − ρλ − τλ.
For a 2-D grating with patterning in both the x and y directions, the

azimuthal angles ϕ for both the transverse electric (TE) and trans-
versemagnetic (TM)waves are also included.With diffraction orders
of j for the x direction and l for the y direction, the grating electro-
magnetic fields are calculated using [57–59]

EGr �
X
j;l

�Ex;jl�z�î� Ey;jl�z�ĵ

� Ez;jl�z�k̂	 exp�i�kx;jx� ky;lx� kz;jlz�	 (7a)

HGr � i

�����
ε0
μ0

r X
j;l

�Hx;jl�z�î�Hy;jl�z�ĵ

�Hz;jl�z�k̂	 exp�i�kx;jx� ky;lx� kz;jlz�	 (7b)

where the wave vector for the Bloch–Floquet condition-satisfying
diffracted wave can be modified to

kx;j � 2πn0 sin θ cosϕ∕λ� 2πj∕Λx

and

ky;l � 2πn0 sin θ sinϕ∕λ� 2πl∕Λy

where l � 0;�1;�2; : : : ;�M [59]. The 2-D RCWA becomes a
much more time-consuming calculation due to differing (2N � 1)th
versus (2M� 1)th terms representing x and y diffraction ordermatrix
calculations, respectively [59].
The total normal emittance as a function of the spectral normal

emittance is given by

εn �
R
∞
0 εn;λΘ�λ; T� dλ

σT4
(8)

where the Planck blackbody emissive power wavelength–temperature
function is

Θ�λ; T� � 2ℏc20∕λ5�eℏc0∕λkBT − 1�

when provided the universal thermophysical constants c0, , kB, and σ.
Note that the integration froma finite nonzero lower boundwavelength
and a noninfinity upper bound wavelength requires numerical integra-
tion of the denominator of Eq. (8) as εn;λ � 1. The typical separation
distance between insulation sheets is no less than 160 μm, which is
provided by low-conductivity fabricmeshnetting [1]. Because this far-
field radiative gap distance can be regarded as a unity radiative view
factor between two infinite parallel surfaces, normal emittance
between surfaces is prioritized [60].

III. Theory and Principles of High Reflectance

To target room-temperature (T � 300 K) blackbody emission,
the following discussions select far-infrared-transparent glasses to
understand and illustrate optical mechanisms of Fabry–Pérot inter-
ference and moded HCG reflectance. Germanium is chosen as the
high-refractive-index crystal, and potassium bromide is chosen as the
low-refractive-index crystal. Pure and undoped Ge is transparent in
the far infrared and up to radio frequencies, but it is not transparent in
the visible range.

A. Fabry–Pérot Layer

The simplest first-order structure to maximize reflectance is the
Fabry–Pérot (FP) multilayer. The thicknesses that describe the FP are
determined by the quarter-wave equation as a function of the layer’s real

part of the refractive index: d � λ0∕4n, where λ0 is the center wave-
length of maximum reflectance. Typically, this wavelength corresponds
to theWien displacement lawwith the blackbody temperature, which is
given by λ0�μm� � 2898 ∕T�K�. The thickness of the FP cavity is
determined by the half-mode phase shifts ψ at normal incidence, where
ψ � 2πRe�ni�∕λ0 � 0.5π, 1.5π; 2.5π : : : [3,56].
When integrating spectral normal emittance across the Planck

spectrum for a T � 300 K blackbody to obtain minimum total ab-
sorptance, we found that the center wavelength is higher than that
determined by the Wien displacement law. This is because the Planck
emissive power at longer wavelengths is more prominent than the
wavelengths below the function’s peak. Here, we apply that λ0 �
11.7 μm. In Fig. 3, the high-quality reflectance maximization can be
shown for one pair of FPquarter-wave layers:d1 � 0.74 μmGeabove
d2 � 1.593 μm KBr. For this configuration, the lowest emittance of

εn;λ � 1.64 × 10−3 occurs at λ � 12.1 μm. The calculated total nor-

mal emittance for a blackbody at 300 K is then ε � 0.011, matching
that of pure flat aluminum.When appliedwith an identical second pair
of FP layers above the first pair, we expect the emittance to further
decrease. Although this is true at the center wavelength, where the

minimum is εn;λ � 2.5 × 10−4 at λ � 11.7 μm, the surrounding spec-

trum has broad high emittance interference peaks.With this secondary
layer, the total normal emittance at room temperature increases to
ε � 0.012. With more and more layers, the wavelength region around
λ0 becomes a Bragg reflector stop band between λ∕�d1 � d2� � 3.5
and 6.25 [3]. In the wavelength regions outside this stop band, the
passband, theoscillations becomemore frequent andhighermagnitude
with increasing layers due to thin-film interference. One should also

Fig. 3 Spectral and total emittance of a) Ge/KBr Fabry-Pérot quarter-
wave (FPQW) pairs, and b) sensitivity from �10% variation of single-
pair FPQW thicknesses.
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not lose sight of the thickness of the coating because each FP pair is

2.33 μm thick in this material configuration.
With one pair of FP layers sufficient to achieve emittance below that

of the metallic substrate, we test the consequence of slight imperfec-

tions in FP layer thicknesses. Figure 3b plots the spectra for each layer

10% thicker and thinner than the designed quarter-wave thickness.

Each layer being 10% thicker has little effect on the total normal

emittance because the emittance minimum is slightly decreased and

redshifted. The redshifting of the multiple narrow interference fringes

at wavelengths below this stop band contribute to the slight increase in

total emittance. This effect is similar with 10% thinner layers but in the

opposite direction. The emittance peak in the far infrared beyond

35 μm is now visible in the spectrum, for which its integration

weighted with the Planck blackbody function increases the total

emittance further. The last two variations are interestingly mixed. A

thicker high-index (Ge) layer and thinner low-index (KBr) layer results

in even lower total emittance. The stop band is unchanged from the

perfect quarter-wave case, but the interference fringe magnitude just

below this (λ � 7.1 μm) is decreased.The emittance in the stopband is

also preserved for the thinner Ge layer and thicker KBr layer, but a

more prominent peak appears at the first interference fringe below the

stop band. The last two configurations have interference fringe peaks

exchange magnitudes in the passband wavelengths between approx-

imately 5 and 10 μm. Although it can be said that the total thickness of

the combination of the FP near-quarter-wave layers may be the deter-

mining factor of the emittance minima and maxima, the correlation is

not quite linear. Generally, the greater contributing factor to phase shift

is the lesser thickness of the interference cavity because ψ ∝ d2.

B. High-Contrast Grating

This section studies how standalone high-contrast gratings can

achieve broadband near-perfect reflection without a metallic sub-

strate. The HCG material is selected as germanium due to its highest

nonmetallic and zero-attenuation refractive index (n ∼ 4� 0i) con-
trasting with the air/vacuum or a low-refractive-index substrate in the

broad infrared spectrum. The basic radiative properties of 1-D HCG

are calculated with Eqs. (3–6), whereas radiative properties of 2-D

HCG are calculated with Eq. (7). This section seeks to optimize the

HCG dimensions: grating period Λ, grating height h, and grating

filling ratio f � w∕Λ.
The contour plots obtaining parameterizations of both the non-

dimensionalized grating height and grating period with respect to the

wavelength spectrum are shown in Fig. 4. The reflectance contours

are averaged over both TE-wave and TM polarizations. Filling ratios

are selected as f � 0.5; f � 0.7, and f � 0.9 for the standalone Ge
HCG in Figs. 4a–4c, respectively. The blue lines outline the charac-

teristic at-wavelength dual-mode band high reflectance region, and

the green lines show the first three TM0 and TE2 Fabry–Pérot wave-

guide modes of the HCG resonance condition dispersion. The local

reflectance maxima exceeding ρ > 0.999�ε < 10−3� are marked in

magenta. The broadest reflectance maxima peaks occur within the

HCG-characteristic dual-mode band, which is outlined by the wave-

length region bounded by blue lines. At nondimensionalwavelengths

below the dual-band region (λ < Λ), the high number of interference

fringes correspond to diffractive optics [61,62]. To the right of this

region (λ ≫ Λ), the gratings are subwavelength, and thus becomes

effective media. Although it is naturally inclined to increase the

filling ratio close to unity due to the increasing broadness of the

dual-mode band, the magnitude of reflectance decreases within

the dual-mode band. The increased filling ratio shows fewer marked

maxima and where the HCG thickness tends toward the waveguide

mode (h > Λ). This tradeoff between the dual-mode band broadness

and the magnitude of maximum reflectance lets us establish that the

best filling ratio is near f � 0.7.
The high reflectance HCG resonance conditions occur using the

following dispersion relation for TM-wave polarization [27,28]:

kGr;j tan

�
kGr;jfΛ

2

�
� n2Grka;j tan

�
ka;j�1 − f�Λ

2

�
� 0 (9)

where the jth waveguide mode grating wave vector is given by

k2Gr;j � n2Grk
2
0 − β2j , and the air gap wave vector is given by

k2a;j � k20 − β2j . For the TE polarization, Eq. (9) is modified by only

setting nGr � 1. The dual-mode band cutoff wavelengths λ2 and λ4
enclosing the high reflectance regions are obtained by setting β2 �
β4 � 0 and solving for Eq. (9). For example, for the f � 0.7 case,
λ2∕Λ � 2:88 and λ4∕Λ � 1.44. This consideration of the dual-mode
bandwidth can help determine the HCG period needed to minimize
blackbody emission. A 300K blackbody, for example, would benefit

Fig. 4 Normal incidence TE- and TM-averaged period-normalized
reflectance spectra of germanium HCG with filling ratios of a) f � 0.5,
b) f � 0.7, and c) f � 0.9.
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from an HCG array of a period nearΛ � 4 μm, which is obtained by
the Wien displacement maximum to an approximate center wave-
length between λ2 and λ4, i.e., Λ � 2898∕λT, where λ ≈ 2.5 μm.
This verifies that the characteristic HCG dimension Λ needs to be

defined at an infrared wavelength.
The Fabry–Pérot round-trip phase-shift resonance dispersion lines

in green, shown in Fig. 4, are for the first three phases (ψ � 0, π, and
2π). The solid green lines are the first three zeroth waveguide mode

TM0 dispersions, and the dashed green lines are for the second wave-
guide mode TE2 dispersions. TM0 is the dispersion following the
β0� nGrk0 light line, andTE2 for theβ2 − λ2 secondwaveguidemode.

The first three waveguide modes are outlined because they have the
broadest regions of near-unity normal reflectance. In the smallest

filling ratio case (f � 0.5 in Fig. 4a), the three waveguide modes
collapse toward low h∕Λ, whereas the third TE2 mode lies outside
the dual-mode band. This low filling ratio does not allow asmuch high

reflectance across broad wavelengths. On the other hand, the high
filling ratio (f � 0.9) shows dispersions drift toward high h∕Λ.
Although this seems more promising toward broadband reflectance,
the reflectance quality is reduced because the TM modes produce
transmission, which is demonstrated by the broader near-zero reflec-

tance near the TM0 lines. The magenta points enclosed within the
upper waveguide modes are the only ρ greater than 0.999. Therefore,
the higher filling ratio HCG requires taller gratings, which are attrib-
uted to deep groove waveguides [63]. In the intermediate case
(f � 0.7), the broad reflectance enclosed in the waveguide modes

demonstrates high-quality reflectance (ρ > 0.999) throughout. Here,
we can pinpoint the optimalHCGheight,which is close toh∕Λ � 0.5.
To better understand why near-perfect reflectance occurs in the

HCG of an optimally selected period, filling ratio, and height,

electromagnetic field density plots produced by RCWA are shown
in Fig. 5 to visualize and verify planes of constructive and destruc-

tive interference. Figure 5 shows an HCG configuration where
Λ � 4.4 μm, f � 0.7, and h � 2.2 μm. The period was chosen in
relation to theWien displacement center wavelength of λ0 � 10 μm,

where λ0∕Λ � 2.25. Figure 5a shows the electric field density under
the TE-polarized 10 μm wave, as well as the in−xz plane magnetic

field vectors (Hx and Hz) with white arrows. The three faint field
localizations within the Ge HCG structures show that TE waves

interact in two Fabry–Pérot round trips [64]. Most importantly, the
blue dashed line at exactly z � 2h above the bottom of the grating
array shows the HCG-characteristic near-perfect constructive inter-

ference of electric fields. Below the grating array, the electric field
density is uniformly near zero. Figure 5b confirms this plane of

perfect constructive interference as the jExj vectors are maximized.
We note that the dual round trip occurs in the grating vacuum cavity
half-plane because Ex is reversed. We see here that magnetic field

localization occurs inside the HCG, which helps produce the electric
field phase reversal. In either polarization, the electric and magnetic

fields are drastically reduced in the outgoing medium: all without the

use of a metal absorber. Unlike metals, where power densities can
accumulate near the surface due to plasmon carrier resonance, the
complementary field characteristics and phase reversal inside the
lossless HCG can enable fundamental near-zero thermal radiative
absorptance.
Additional considerations for HCGdesign can include expansion

into a 2-D array, meaning Λx, Λy, fx, and fy can be distinct. Note
that 2-D HCG arrays have additional reflectance bands based on
cross-polarization modes, where instead of just TM0 and TE2

primary waveguide modes within the dual-mode band wavelengths
λ2 and λ4, the primary waveguide modes are EH00, EH02, EH20, and
EH22 within both dual-mode and trimode bands, respectively [64].
The tri mode band represents the 90 deg tilt reflectance between the
HCG and creates semibroadband high reflectance resonance con-
ditions approaching the diffraction region (λ ∼ Λ). The diffraction
region can be interpreted as comprising multimode bands, which
produce narrow high and low reflectance conditions, as seen in
Fig. 4. Overall, a 2-D HCG purposed for minimizing far-field
normal angle incidence and emission radiative exchange does not
outperform a well-designed 1-D HCG array. We show the compari-
son with the best-structured 2-D HCG combined with Fabry–Pérot
multilayers in the next section.

IV. Results and Discussion

The combined high reflectance mechanisms of the Fabry–Pérot
multilayer and high-contrast grating coating on opaque silver sub-
strate are presented in this section. The FP multilayer comprises one
pair of potassium bromide and germanium quarter-wave layers on an
opaque aluminum substrate. The HCG array is made of Ge, and the
reflectance reduction is compared between 1-D and 2-D HCG cases.
All configurations of the combined FP–HCG are realistically on
flexible polymer Kapton or Mylar. A double-sided option is also
presented, where the opposing-side FP–HCG design can be dimen-
sionally scaled to reflect the blackbody emission of the successive
surface. The combined design is then evaluated for its effective
thermal emittance reduction performance in a vacuum environment
and its role as a multilayer blanket.

A. Monolithic Coating Design

The spectral emittances of multilayers and metasurfaces were
calculated using RCWA, which is described by Eqs. (3–6) and
Eq. (7) for 1-D structures and 2-D structures, respectively. The 1-D
structures are described by the grating parameters periodΛ, the filling
ratio f, and the height h in the x dimension shown in Fig. 1, whereas
2-D gratings can have distinct periods Λx and Λy as well as filling

ratios fx and fy. Figure 6a shows the first iteration of the FP–HCG

coating using single-pair FP parameters from Fig. 3a as well as
HCG parameters from Fig. 5. The center wavelength for the FP
quarter-wave thicknesses corresponds to the Wien displacement

Fig. 5 Electromagnetic field density plots of standalone Λ � 4.4 μm germanium HCG in a) TE-wave and b) TM-wave polarizations at λ � 10 μm.
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law temperature at 300K such that λ0 � 9.66 μm. The power density
function for a 300 K blackbody is plotted in the background of the
emittance spectra. The normal emittance spectrum in TE and TM
polarizations, and their average, of this FP–HCG combination is
given by the parameters: Λ � 4.4 μm, f � 0.7, h � 2.2 μm,
d1 � 0.61 μm, and d2 � 1.58 μm. The result of the total normal
emittancewith respect to the 300K blackbody is εn � 0.0138, which
is averaged over the TE and TM polarizations. As a comparison, the
pristine Al spectrum is shown in Fig. 6a, which results in a total
normal emittance of εn � 0.0107. Although this FP–HCG configu-
ration does not outperform the total normal emittance of pristineAl, it

can outperform oxidized Al, for which εn � 0.0229. For the interest
of providing sun-facing thermal regulation, the total normal absorp-
tance to a 5778 K blackbody gives αn � 0.495, which is not desired
for continuous insolation. Comparatively, the total normal absorp-
tance of both pristine and oxidized Al is near αn � 0.08. The com-
bined FP–HCG design of the initial iteration is not able to lower its
total normal emittance from that of the pristine Al substrate.
A parameter fluctuation survey of the FP layer thicknesses is

conducted to observe the new normal total emittance minima. In

the Supplemental Materials, Fig. S1 shows the layer thicknesses
are expanded from d1 � 0.61 to 0.92 μm and from d2 � 1.58 to
2.37 μm. In this paper, the total emittance can be below
εn � 0.0138 for several possible configurations. The layers’ thick-
nesses at d1 � 0.84 μm and d2 � 1.78 μm help slightly reduce the
total normal emittance to εn � 0.0134. Also note that the effect
on the total normal solar absorptance is nearly negligible with

changes to d1 and d2. Overall, the FP layer thickness variations do
not enable total normal emittance below that of pristine Al. A
survey of the grating parameters is carried out as well, which is
shown in Fig. S2. Changes to the total normal solar absorptance
remain small, but the reduction in the total normal emittance is
more promising for certain grating parameters. Here, Fig. S2(a)
shows broad minimization around grating period Λ � 2.84 μm
while keeping d1, d2, f, and h∕Λ to their first iteration default.
This grating period is much smaller than the predicted period.
More importantly, this optimized period resulted in a lower total
normal emittance of εn � 0.0101, which is below that of pristine
Al. Selecting the appropriate grating period has a higher impact on
minimizing emittance than the filling ratio and the height-period
ratio, as shown in Figs. S2b and S2c. Generally, the filling ratio in
the selected range near f ∼ 0.6 and the height-period ratio near
h∕Λ ∼ 0.5 can certainly minimize emittance, provided the other
four covarying parameters are chosen wisely. This kind of simul-
taneous consideration led to an extensive 50,000 sample cor-
andomized survey of all FP and HCG parameters. Figures S3a
through S3e show the absolute total normal emittance with all five
parameters: d1, d2, Λ; f, and h∕Λ, respectively. A distinct mini-
mum was found, with clear relationships from Λ and h∕Λ but less
so from f, d2, and d1, in that order.
Using the large-sample corandomized survey of FP and HCG

parameters, we find that Λ � 3:9 μm, f � 0.6, h � 1.95 μm,
d1 � 0.73 μm, and d2 � 2.45 μm result in a total normal emittance

of εn � 8.52 × 10−3. Additionally, the TE- and TM-polarized total

normal emittances are εTE � 0.0106 and εTM � 6.40 × 10−3. Sup-
plemental Fig. S4 demonstrates that �10 nm fluctuations on each
parameter result in generally less than a 10% total normal emittance
increase, with the low-index layer thickness d2 being the most
sensitive. Figure 6b shows the normal emittance spectra of this
globally optimized configuration, where the very low TM-polarized

normal emittance is evident by the minimum εn;λ � 2.04 × 10−5 at
λ � 9.75 μm, close to theWien displacementmaximumwavelength.
Although TE-polarized normal emittance is high (εn;λ � 0.0428)
at this wavelength, some neighboring wavelengths (λ � 7.88 μm
and λ � 10.9 μm) also show emittance minima on the order of

εn;λ � 7 × 10−5. Compared to the initial configuration, this optimi-

zed configuration achieves lower total emittance due to sharpminima
alternating between TE and TM polarizations, whereas the initial
configuration maintains less sharp emittance valleys or interference
fringes between TE and TM polarizations in phase. In full compari-
son, the total solar absorptance remains essentially unchanged at
αn � 0.492. A dielectric coating’s thermal emission reduced below
that of the opaque metal substrate is possible; and with a more
conductive metal substrate, such as Ag, could result in even lower
thermal emission.
For 2-D gratings calculated by RCWA, the calculations are first

verified in Supplemental Fig. S5 using the FP–HCG configuration
shown in Fig. 6b. The order number of our 2-D RCWA calculations
remains at N � 19 for each coordinate, giving a total of 361 calcu-
lation orders and resulting in a computation time of each case over
∼1000 s on 12 parallel Intel Xeon E5-2680 2.4 GHz CPUs. There are
some slight differences in the spectral emittanceminima. For instance,
TM-polarized normal emittance is minimum at λ � 9.0 μm, where

εn;λ � 4.39 × 10−5. The total normal emittance of the optimized con-

figuration using our 2-D RCWA resulted in εn � 8.01 × 10−3, which
is not drastically different. In finding the best 2-D grating configura-
tion, the FP layer thicknesses, grating height, and grating filling ratios
in both dimensions are fixed. In Qiao et al.’s study of rectangular high
reflectance 2-D HCG on substrate, the filling ratios are the same at
fx � fy � 0.6; whereas the y-direction period is scaled by half of that
of x, such that Λy � 0.5Λx [27].

Figure 7a confirms this suggested best-case x–y period ratio,
where the total normal emittance is minimized at Λy � 0.55Λx for

Λx � 3.9 μm, fx � fy � 0.6, and h � 1.95 μm. All other grating

and multilayer parameters are the same as in Fig. 6b: strictly that
Λx � 3.9 μm. Theminimumemittance is led by the TMpolarization,

where εTM � 7.61 × 10−3.With the TE polarization (εTE � 0.0128),

Fig. 6 Normal emittance spectra of Ge–KBr FP and Ge HCG on Al for
a) the initial FP–HCG iteration (εn � 0.0138), and b) the optimized
configuration (εn � 0.0085).
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the average total normal emittance becomes εn � 0.0102. Figure 7b
shows the normal emittance spectrum for this configuration, where
TE- and TM-polarized emittance minima are relatively narrowband
as compared to the best 1-D grating case. The only advantage of the
2-D grating is its tempered TE-polarized reflectance fringes in wave-
lengths beyond the center wavelength: λ0 > 10 μm. Although this
2-D grating configuration outperforms pristine Al, it does not out-
perform the 1-D grating described in Fig. 6b. For square gratings,
such thatΛy � Λx, the total normal emittance becomes εn � 0.0128.

For the best design of ultrahigh normal reflectance HCG, long-
groove gratings offer the best performance, especially if room-
temperature thermal emission and absorption can be just TM-wave
polarized. In the consideration of diffuse emission of external surfa-
ces and interlayer thermal exchange, the next section discusses the
hemispherical properties and an optimization of a backside-coated
thermal insulation flexible blanket.

B. Thermal Insulation Performance

The focus of the previous section assumes that thermal radiative
exchange is relevant to only the normal incidence. This assumption
holds for multilayer insulation sheets separated by submillimeter
distances because radiative transfer is between semi-infinite parallel
surfaces. For the interest of off-normal thermal emission, the spectral
emittance of the optimized FP–HCG configuration provided by
Fig. 6b is hemispherically integrated [3,65]. Figure 8a shows the
hemispherical emittance spectra, where the integrated total hemi-
spherical emittance of the coating on Al substrate is εH � 0.0144.

The total hemispherical absorptance is αH � 0.551, which is higher
than its normal emittance. The comparison to pristine Al gives a

total hemispherical emittance of εH � 0.0133. The relatively low

total hemispherical emittance of the FP–HCG-coated Al is due to

the broadband emittance minimization near λ � 12.25 μm, where
εH;λ � 8.47 × 10−4. This configuration’s wavelength and angular

incidence dependence of theTE- andTM-wave emittances are shown

in Supplemental Fig. S6. It explains the low overall emittance in the

10 to 15 μm wavelength region due to TM-wave HCG resonance

dispersion. The overall low hemispherical emittance of the coating

suggests good performance for low thermal exchange external sur-

faces or obliquely oriented objects.
In the evaluation of radiative exchange between semi-infinite

parallel coated blankets, we assess the effective emittance or “e-star”

(ε�) at normal incidence, which is described by [1]

ε� � 1

P
N−1
n�1

�
1
εf;n

� 1
εb;n�1

− 1

� (10)

where subscripts “f” and “b” denote the front and back sides of each
double-sided multilayer insulation sheet, withN as number of total

layers. With small temperature differences between insulation

sheets (Tn ≈ Tn�1), the total effective emittance can be provided

by the spectral normal emittance integration given in Eq. (8).

However, with larger temperature differences between each insu-

lation layer, the total effective emittance must be calculated with

Fig. 7 Relationship of a) total normal emittance in TE and TM polar-
izations with 2-D HCG period ratio (Λy∕Λx), and b) normal emittance
spectra of an optimized 2-D HCG.

Fig. 8 Spectra of a) hemispherical emittance of the optimized coating
from Fig. 6b, and b) normal and effective emittance of mismatched
double-sided FP–HCG.
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the Planck blackbody temperature–wavelength distribution of each
coating face, such that

εf;n �
Z

∞

0

ελf;nΘ�λ; Tn� dλ∕σT4
n

and

εb;n�1 �
Z

∞

0

ελb;n�1Θ�λ; Tn�1� dλ∕σT4
n�1

Aparameter survey similar to that presented in Supplemental Fig.
S3 yielded a backside coating configuration that resulted in a
minimum total effective emittance between the front side and the
back side of ε� � 3.17 × 10−3. The front-side coating is the same as
the one presented in Fig. 6b. The backside Ge HCG and Ge-KBr FP
parameters are described by Λ � 2:98 μm, f � 0.64, h � 1.16 μm
(h∕Λ � 0.39), d1 � 0.586 μm, and d2 � 2.087 μm. This back-
side configuration alone provides a total normal emittance of
εn � 0.0101, a TE-polarized emittance of εTE � 0.0116, and a

TM-polarized emittance of εTM � 8.70 × 10−3. Despite a higher
total normal emittance than that of the optimized front side, this
back side is designed around spectral minimizations, as seen in
Fig. 8b. For instance, where the front size spectral emittance reaches
a local maximum at λ � 18.5 μm, the same wavelength yields a
broad local minimum for the back side, where εn;λ � 0.0032. The

same can be said for the inverse, where the front side is low, whereas
the back side is high emittance at λ � 13 μm. This complementary
design of the back side helps optimize toward the minimum total
effective emittance through canceling of the front side’s high emit-
tance interference fringes.
Compared to two pristine smooth aluminum faces (ε� �

5.32 × 10−3), the front- and back-side optimized FP–HCG coatings
can achieve a 1.67 factor e-star reduction per insulation sheet. If
calculation of the effective emittance can distinguish linearly polar-

ized TE and TMwaves, the polarization-dependent e-stars are ε�TM �
2.78 × 10−3 and ε�TE � 2.80 × 10−3. Realistically, thermal radiative

emission and exchange occur without polarization preference. We
note that with greater temperature differences between insulation
layers, the FP–HCG design for each side can be scaled to minimize
spectral normal emittance with Planck blackbody function weight-
ing. Furthermore, this optimization of parameters can be conducted
on cryogenic temperature blackbody emission up to temperatures
where either the polymer substrate or metal thin film melts: 250°C
(operation limit of 150°C) for Mylar and 650°C (operation limit of
250°C) for aluminum.
To illustrate the overall thermal insulation effect of the FP–HCG

coating on effective emittance ε�, Fig. 9 plots several configurations
with respect to the number of insulation layers N. The various
configurations correspond to single-sided Mylar substrate with oxi-
dized Al (Ox-My), with pristine Al (Al-My), with a single pair Ge–
KBr Fabry–Pérot (FP-My) in Fig. 3a, with the optimized FP–HCG
(1-D-My) in Fig. 6b, and with the optimized 2-D HCG (2-D-My) in
Fig. 7b. With double-sided options, oxidized Al faces the optimized
FP–HCG (1-D-Ox), pristine Al faces the optimized FP–HCG (1-D-
Al), and front- and back-sided FP–HCG (1-D-F and 1-D-B, respec-
tively) are presented in Fig. 8b. For reference, the total emittances of
Mylar, oxidized Al, and pristine Al are given in Fig. 9. The first
configuration (Ox-My) is described as the theoreticalminimumcurve
in Ref. [1]. Although FP coated aluminized Mylar outperforms this
curve by an effective emittance reduction factor of 1.88, it does not
outperform pristine aluminizedMylar (beginning of life). This factor
is improved to 2.87 with the 1-D HCG on FP coating; whereas per
the discussion on best-case 2-D HCG, this factor is slightly lower at
2.41. The bigger improvement is with double-sided insulation. The
improvement factor is 3.80 for the FP-1-D HCG coating with a
standard oxidized Al back side; this factor is 1.97 as compared to
double-sided oxidized Al. The emittance curve is minimized with
the double-coated sheets, which are prescribed by the mismatched

FP–HCG in Fig. 8b. This gives a factor of 5.22 over single-sided
oxidized aluminized Mylar, and 2.71 over double-sided oxidized
aluminized Mylar. The effective emittance reduction factor of a
pristine Al back side is about the same, but its performance is likely
short-lived.With 40 layers, which in total compose a thick insulation
blanket with idealized zero conductance separation construction

materials, the effective emittance can reach ε� � 1.16 × 10−4. Over-
all, these effective emittance reduction factors represent the heat flux
reduction scaling of multilayer insulations constructed with these
augmented coatings.
In the final discussion of this FP–HCG coating, we consider the

suitability of the coatingmaterials across different environments with
thermal, mechanical, and fluid conditions. Germanium and potas-
sium bromide have high melting temperatures of 938 and 734°C,
respectively, beyond the limit for both the polymer substrate and
metal thin film. The linear coefficient of thermal expansion of Ge
is approximately 6 μm∕�m ⋅ °C�, whereas KBr has a coefficient of
thermal expansion (CTE) of near 40 μm∕�m ⋅ °C�. With temperature
increase, the lack of expansion in theGe layermeans theHCG retains
its shape, whereas the high CTE of the underlying layers including
the Al and Mylar (30 and 170 μm∕�m ⋅ °C�, respectively) allows the
sheet to bowupward at the edges.Heating of double-sided sheetsmay
put the Ge top layers in tension. Ge, however, has a high tensile
modulus of 130 GPa that, given an ∼1 μm thickness of Ge per side,
can exert asmuch compressive force as a 65-μm-thick (2.5-mil-thick)
Mylar substrate in thermal expansion. Although Ge is resistant to
water solubility (5 g∕L), infrared-transparent salt KBr is water solu-
ble (700 g∕L). This may present issues with delamination; but, with
large-area Ge gratings, similar characteristic micropatterned surfaces
have been found to reducewettability or increase contact angles with
water droplets [66,67] In addressing the manufacture and construc-
tion of these coated flexible insulation sheets, large-area physical
vapor sputter deposition chambers and subsequent mask-aligned
photolithography can produce variable multilayered gratings on pre-
made polished metallized polymer sheets [68–70]. A process flow of
this scalable manufacturing method is illustrated in Supplemental
Fig. S7. Certainly, a realized coating warrants high-quality spectro-
scopic reflectance testing with careful handling procedures to ensure
thermal radiative insulation performance is protected and prolon-
ged [71,72].

V. Conclusions

This comprehensive paper shows that a dual-material layered
coating can achieve normal emittance lower than its pristine metal
thin-film substrate. Not only does the inert and dielectric coating

Fig. 9 Theoretical effective emittance curves of various aluminized
Mylar blanket configurations, with and without FP–HCG treatments
on single or double sides.
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protect the metal against further degradation or oxidation, the proven
infrared-transparent germanium surface can also provide ESD,
impact, and possibly moisture protection of underlying materials.
The broadband ultrahigh reflectance from the surface Ge layer is
enabled with a high-contrast grating micropattern. The principles of
high reflectance show the HCG period is near wavelength corre-
sponding to blackbody emission, on the order of 2.5 to 3 times
smaller than the center wavelength. The best-case HCG width-to-
period filling ratio or duty cycle is near 0.6, and the best-case HCG
height-to-period ratio is near 0.5. A filling ratio too high reduces the
reflectance intensity, despite increasing the number of waveguide
modes. A short HCG produces single round-trip Fabry–Pérot reso-
nant modes, allowing near-perfect electromagnetic field cancellation
above the plane of the HCG array. The high-index dielectric HCG is
combined with a Fabry–Pérot multilayer consisting of Ge and an
infrared-transparent low-index cavity layer potassium bromide.
Interestingly, the FP layers are not quite described by the quarter-
wave thickness law, despite little variation to total emittance with
respect to a 10% thickness change. Through random surveying of
combined HCG and FP parameters, we understand that wave con-
ditions exiting the HCG and interfering in the near-FP cavity are not
the same as those incident.
With some adjustment to the FP thicknesses, while keeping the

grating period, filling ratio, and height nearly analytic, a total normal
emittance can be lowered to 0.0085, which is below that of its pristine
aluminum substrate. Another round of parameter optimization found
a back-side FP–HCG coating configuration that results in effective
normal emittance of 0.0032. The best design for broadband ultrahigh
reflectance HCG includes 1-D grooves, whereas 2-D surface grating
micropatterning results in slightly lowered performance. The coating
parameters are insensitive to dimensional uncertainty. Despite being
a good thermal radiative resistor for the terrestrial room-temperature
blackbody, the coating materials present high solar absorptance.
Overall, this coating can be physically protective and enhance ther-
mal radiative insulation performance, especially when used as dou-
ble-sided sheets in a multilayer insulation blanket. The factor of
thermal radiative transfer reduction is almost magnitude-fold. With
further theoretical investigation and micromanufacturing realization
of this coating, more advantageous capabilities could be uncovered.
Although the motivation of this coating was originally for radiative
insulation of components in the vacuum of space, this coating can
also be applied to structural insulation, clothing liners, fire protection,
and possibly hydrophobic and antidust treatments.
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