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ARTICLE INFO ABSTRACT
Keywords: Multilayered coatings are promising and successful for applications in semiconductors, optical mirrors, and
Multilayers energy harvesting technologies. Amongst these, optical mirrors are essential for passive radiative cooling.
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Building upon the multilayer radiative cooling systems observed in snails and drawing from previous research,
this study showcases the efficacy of machine learning algorithms in optimizing and gaining insights into
multilayer structures. Due to the constraint of low sky window emissivity in biologically found calcite shells,
focusing on solar reflectance becomes crucial to maximize the biological phenomenon found in snails. The
manual search of the periodic multilayer design space for calcite with air gaps points to the maximum solar
reflectance of ~89% at 170 nm layer thickness for 20 pm coating. To unlock the full potential of these
multilayers, we then employ machine learning-based evolutionary optimization method - a genetic algorithm.
The optimized aperiodic coating shows a significant enhancement of solar reflectance to ~99.8% for a 20 pm
coating. Interestingly, the same average layer thickness of 170 nm provides maximum solar reflectance in 20 pm
periodic and aperiodic calcite multilayer. Investigation of the spectral reflectance shows that layer thickness is
crucial in tuning the solar reflectance. For small coatings, wavelengths with higher solar intensity are prioritized.
Increasing the coating thickness allows inclusion of thicker layers to reflect longer wavelengths, leading to
increasing trend of average calcite layer thickness. Further work exploring radiative cooling materials shows that
calcite and barium sulfate reflect sunlight significantly better than silicon dioxide due to their refractive index
contrast. Our findings and insights using bio-inspired design can provide superior solar reflectance utilizing thin
coatings with modern manufacturing technology.

1. Introduction cations have used the concept of photonic crystals in various ways to
suit optical requirements.

Passive cooling in the form of daytime radiative cooling has been an

Years of evolution in biological species have made their mechanisms
a source of inspiration for driving innovation in modern technolo-
gies. Various species of plants and animals have evolved their physical
and chemical constitutions to survive in different climatic conditions.
Sphincterochila boissieri is one such snail species found in arid regions of
Israel and Egypt [1,2]. These snails have adapted to survive in harsh hot
and dry climates using radiative cooling with calcium carbonate (calcite
- CaCOj3) based shells. Microscopic imaging has shown snail shells are
made of layered morphological structures as shown in Fig. 1(a) adapted
from Parveen et al. [3]. The underlying mechanism behind the snail’s
adaptation strategy can be utilized using multilayered materials to ben-
efit modern technologies. Features of total solar reflectance can benefit
radiative cooling and deep-space solar reflectors. Several of these appli-
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important research area in the attempt to push sustainability in recent
times. Li et al. have demonstrated the effectiveness of nanoparticle-
based paints using CaCO;3 [4] and barium sulfate (BaSO,) [5] for ra-
diative cooling. These paints have shown a total solar reflectance of
95.5% and 98.1%, respectively. Peoples et al. reported that the total so-
lar reflectance is critical for radiative cooling as every 1% of reflectance
above a threshold of 85% can contribute a gain of ~10 W/m? of cool-
ing power [6]. These works with nanoparticles spark curiosity about
the performance and optimization of layered photonic crystals with
the same base materials. As observed in snail shells, layered structures
reflecting sunlight provide impetus to explore the vast design space of 1-
dimensional (1-D) multilayer photonic crystals [2,3]. Researchers have
studied these 1-D domains in the photonic context in recent decades
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Fig. 1. (a) Layered snail shell structure made of calcite from scanning electron microscopy (SEM) image adapted from Parveen et al., 2020. For details, please refer
to Ref. [3]. (b) Representation of multilayer coating with breakdown of electric field components in the multilayer, calculated using the transfer matrix formulation.
Rightward moving electric field represents the transmitted component and left moving electric field represents the reflected component.

and have focused on explaining the photon localization in multilayers
using the transfer matrix model [7-11]. Based on this understanding,
researchers have used various intuition-based photonic crystals such as
Fibonacci sequenced layer thickness structures [7,12].

An intuition-based search of a large and complex design space may
often lead to solutions with sub-optimal performance and preclude ex-
ploring solutions with high performance due to unexpected physical
phenomena. In contrast, machine learning(ML)-based optimization al-
gorithms can efficiently sample much larger regions of the design space
and have been shown to uncover non-intuitive solutions showing unex-
pected physics [13-26]. Tikhonravov et al. first demonstrated optimiza-
tion for optical coatings using a genetic algorithm (GA) [27]. Due to
their tunability, multilayer coatings have found numerous applications
in semiconductors, energy harvesting, and optical mirror technologies
over the last few decades. Attempts have been made to enhance solar
cell efficiencies by using photonic crystals acting as photon reflectors
and trapping mechanisms [28-31]. They have been put to use as selec-
tive emitters in photovoltaics [16,17], as thermal barrier coatings [32],
and for daytime radiative cooling applications [18-24,33-37,26,25].
The radiative cooling works follow various ML-based optimization
strategies focusing on selective narrow-band emission in sky window.
However, considering our snail-inspired choice of calcite, which has a
low emissivity in the sky window, creates an opportunity to understand
and exploit the photonic reflection mechanisms prevalent in nature
[38]. There exists scope for solar reflectance optimization to unlock
the full potential of multilayered coatings using calcite. Additionally, it
is crucial to understand and further investigate the underlying mecha-
nisms of the reflectance enhancement through optimization for future
applications.

In this work, we demonstrate the application of machine learning-
based optimization to discover a novel multilayer structure that exhibits
enhanced solar reflectance. The multilayer structure comprises alter-
nating layers of the bio-inspired material- calcite, with air gaps. Our
ML-based optimization method combines the rapid transfer matrix for-
mulation with a GA optimization technique. We consider three separate
evaluation functions obtained by the transfer matrix method (TMM)
to optimize our bio-inspired calcite structure - total solar reflectance
(Rsolar); sky window emissivity (eq,), and the radiative cooling figure
of merit (RC). These parameters are discussed in detail in Sec. 2.2.3 to
Sec. 2.2.5. However, we determine reflectance optimization to be the
primary focus due to the low sky window emissivity acting as a bio-
logical constraint in calcite, which is discussed further in Sec. 3.1. In
this work, we hypothesize that layer thickness determines the spectral
band of reflectance in these structures. To test the hypothesis, in Sec.
3.2, we conduct a manual search with varying layer thickness using a
20 um CaCOg periodic multilayer as a benchmark and compare it with
the GA-optimized aperiodic multilayer of the same total thickness. We
identify that 170 nm layers provide the best solar reflectance in pe-
riodic multilayers at this total thickness; this surprisingly corresponds
to the average calcite thickness in the aperiodic structure. Next, we
compare this optimum periodic structure from the manual search with
optimized multilayers at different total coating thickness from 5 pm to
40 um, revealing their unlocked potential through high solar reflectance

and cooling performance obtained using these non-intuitive configura-
tions in Sec. 3.3. Using the GA and TMM framework, we optimize and
further analyze similar multilayer coatings of BaSO,, and SiO, due to
their relevance to radiative cooling in Sec. 3.4. The structures studied in
this work are compared to understand the effect of various design fac-
tors like layer thickness, coating thickness, refractive index and volume
fraction, which can play a crucial role in the performance of multilay-
ers. Our biologically inspired work elucidates a novel methodology for
enhancing solar reflectivity using multilayer coatings that can impact
radiative cooling, deep-space solar reflectors and many other crucial
applications.

2. Methods
2.1. Structure and materials

We consider stacking calcite layers with air gaps, which resembles
the lamellar morphology of snail shells. The stacked multilayer systems
are previously modeled and studied by various research groups using
a well-established transfer matrix method [8-11,28-31]. As shown in
Fig. 1(b), our alternatively stacked material and air-gap multilayer sys-
tem resembles a 1-D photonic crystal where we assume infinite size in
the planar direction. The 1-D nature of this structure enables the use of
TMM to study the photonic interaction with the multilayer. We assume
all the interfaces to be ideal with no roughness for our calculations.

As discussed earlier, calcite is the primary focus of the material,
chosen because of its presence in snail shell structures and abundant
availability in nature. Additionally, we evaluate and compare BaSO,
and SiO, to CaCOs, as these are well known for their radiative cool-
ing properties [5,35]. The refractive index and dielectric function for
the full wavelength spectrum (~0.25 pm to ~15 pm) of CaCO; and
SiO, have been compiled from experimental measurements and first-
principles data reported in literature [38-42]. As there are no known
experimental measurements for optical constants of BaSO,, we use first-
principles calculations data reported by Tong et al. [42]. A detailed
representation of the dielectric functions can be found in the Supple-
mentary Information (SI). The refractive index of intermediate air gaps
is assumed to be 1 with no absorption and all the materials have been
assumed to be non-absorbing media in the solar spectrum (0.25 pm to
3 pum).

2.2. Transfer matrix method (TMM)

We use the TMM to obtain the photon transmissivity and reflectivity
in 1-D multilayers for normal incidence. The method is based on and
replicates previous applications in similar morphologies performed by
Ruan et al. [10,43]. This formulation provides the analytical solution
to Maxwell’s equations for an electromagnetic field in the 1-D system
[44].

2.2.1. Analytical formulation of TMM
We consider a stratified media that reflects and transmits a uni-
form and normally incident electromagnetic (EM) field E,, as shown
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in Fig. 1(b). Each layer in the multilayer composed of a transmitted
electric field (forward moving) and a reflected electric field (backward
moving) denoted as E* and E7, respectively. The transfer matrix obtains
two sets of electric fields - the matrix in Eq. (1) calculates the electric
field interaction at the interface and the matrix in Eq. (2) calculates the
EM field between two interfaces.
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where, k4, = , refers to the wavenumber, A, is the wave-
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length of the photon, 7} and #, are the complex refractive indices of

the materials given as n+ ik, where n is the refractive index and k is the

extinction coefficient, and d is the layer thickness under consideration.
We compile all the layers to get a chain of matrix multiplications,

such that the transmitted electric field is given as:

ET E,

[El_] =T1.28,,3T3_4...(n — layers) [ 0’] 3)
1

where E, is the transmitted electric field. The returning electric field

gives the reflected electric field, E| = E,. We get the transmissivity (t)

and the reflectivity (r) of the multilayer as:

E
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The absorptivity (a) or emissivity (¢) is then obtained using the trans-
mittivity and reflectivity using the relations:

(A +r(AD)+ad)=1 (6)
a(A) =¢€(A) )

2.2.2. EM field inside the multilayer

The behavior of electric field within the multilayer can be investi-
gated by extending the TMM calculation. A layer by layer addition is
performed, and electric field is evaluated whenever a layer is added.
Following the previous solution approach, the electric field at any ‘x’
distance in the M" layer at a distance x, from the surface can be de-
rived as:
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The resulting local electric field is the net magnitude of both, the
forward moving and the backward moving electric field and is given as:

|[E()| = |Ef + EL| 9

2.2.3. Total solar reflectance

We obtain the spectral reflectance, r(4), from Eq. (5), which can
be used as a tool to understand the underlying optical mechanisms.
Furthermore, the spectral reflectance is integrated across the spectrum
using a weighting function: the incident solar irradiation in the wave-
length range of 0.25 um to 3 pm on the multilayer. We use the Air
Mass 1.5 (AM1.5) solar spectra by ASTM standards for our calculations
[45]. This quantity is classified as the total reflectance or total solar
reflectance of the coating and is calculated as:

m
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where, Gg,jor am15 18 the spectral solar irradiation.

2.2.4. Sky window emissivity
Sky window emissivity is essential to estimate the amount of radi-
ation emitted by the coating into deep space within the atmospheric
transmittance window of 8 um to 13 pum. Spectral emissivity, ¢(4), eval-
uated from Eq. (6) and Eq. (7) is used to calculate the sky window
emissivity using weighted integration of spectral blackbody radiation
at room temperature of 300 K (Igp 300x) [46]. The eg, is defined as:

3um
L e(MIpp 300k (DdA
_ 8um (11)

13um
/8;4: Igp 300k (Ad A

where I 300k is given as:
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Here, T is the temperature, h represents the Planck constant, ¢ is the
speed of light in vacuum and kj is the Boltzmann constant.

2.2.5. Radiative cooling figure of merit

The radiative cooling figure of merit is a metric previously used
to quantify the cooling capacity of various CaCO3, BaSO, and hBN
radiative cooling paints [4,5,47]. Considering the effects of weather
conditions and locations, this parameter provides a good initial assess-
ment for the radiative cooling in our structure. The RC is defined as:

RC = €sky — r(l- Rsolar) (13)

where r represents the ratio of solar irradiation power to the blackbody
surface emissive power transmitted through the sky window. As the
literature suggests, we set a standard r value of 7.14 considering e, cal-
culation at room temperature (300 K) [47]. This r value assumes typical
peak solar irradiation and blackbody surface emissive power transmit-
ted through sky window of 1000 W/m? and 140 W/m?, respectively.
Therefore, multiplying the RC-value by the blackbody surface emissive
power transmitted through the sky window gives the net cooling power
when the surface temperature is same as the ambient. The r-value can
vary in the range of 7 to 10 depending on atmospheric conditions. We
check the theoretical limit of the cooling performance using r = 7.14,
which implies a case of hot and dry climate.

2.2.6. Cooling power

The heat transfer performance through radiative cooling can be eval-
uated by using the optical characteristics of the designed multilayers to
calculate the net cooling capacity. The maximum achievable cooling
power can be obtained using the following formulation used for radia-
tive cooling applications [48,26,33]:

Pcoo/ = Prad (Tsurface) - Patm (Tambienl) - Psun - Pconduction+cunuectiun (14

where P, is the net cooling power density. P q(Tsface) is the
spectrally radiated power density at surface or sample temperature
(Tsurface)s Patm(Tamp) is the absorbed atmospheric radiation at the am-
bient temperature (T,.;), Py, is the absorbed solar irradiation and
P onduction + convection 1S the non-radiative heat exchange. In our work,
we set the Poquction + convection tO De O to focus on the radiative cool-
ing performance. The P_,4(Ts face)s Patm(Tamp) and Pg,, are calculated
as follows:

15um

Prad (Txurface) = / e(}‘)IBB,TSU,faM()')d’1 (15)

0.2um
15um

Patm(Tambiem) = / G(A)emm(l) IBB,Tambu')d)' (16)
0.2um



K. Khot, P.R. Chowdhury and X. Ruan
3um

Psun = / e(/.L)IAMLS(/Dd}L (17)
0.2um

where Igp 1 is the blackbody radiation defined in Eq. (12), L4y 5 is
the solar irradiation, ¢(4) and ¢,,,,(4) are the spectral emissivity of the
multilayer and the spectral atmospheric emissivity, respectively. The
spectral emissivity, (1), is obtained using the TMM calculation.

2.2.7. Inclusion of randomness to formulate semi-coherent TMM

The transfer matrix with normal incidence assumes a coherent form
for periodic multilayer structures causing constructive and destructive
interference at different wavelengths. Additionally, the structure is as-
sumed to have a perfectly smooth interface. Thus, it does not represent
the results of an experimental optical measurement that can be per-
formed for the same structure. We include an averaging step to the
transfer matrix calculations to counter this phenomenon [43]. The av-
eraging is based on incorporating transfer matrix calculations with the
new thickness profiles that include randomness. A random number ar-
ray is generated and normalized by its standard deviation to obtain the
new thickness profile with the same average layer thickness and total
thickness. The quantification is represented as follows:

d;=dy+6X, (18)

where, d; refers to the layer thickness with inclusion of randomness of
i'" layer, d,, is the original layer thickness, & is the user defined degree
of randomness, and X is a normalized quantity defined using:

" X,-X
X, = (19)
o
where, X; is a random number for ith layer in the range of (0,1), X is
the mean and o is the standard deviation of the random number array.
This strategy allows the total thickness to be fixed and the process is
separately performed for the calcite layers and air gaps to maintain the
prescribed volume fraction of the structure. r(4) and t(4) are evaluated
using TMM for this thickness profile which is inclusive of randomness.
These values are stored for all the wavelengths spanning the solar spec-
trum and the process is repeated for predefined iterations, each time
with a unique randomness inclusive thickness profile. Finally, the r(4)
and t(4) values are averaged for all the iterations, thus formulating the
transfer matrix code with roughness inclusion used for the periodic 1-D
multilayer.

2.3. Genetic algorithm (GA)

The design space for a multilayer system of a fixed total thickness,
referred to as coating thickness in this work, is extremely large. There-
fore, any intuition-based optimization is likely limited to a small region
of the design space, which could easily lead to the identification of local
reflectance maxima and can be a deterrent to unlocking the maximum
performance. To efficiently search the entire design space and identify
the global maxima, our work uses the genetic algorithm (GA). The GA
is an evolutionary algorithm that tries to mimic the theory of survival
of the fittest and explores the vast design space to identify and evolve
strong members from the population [49]. The algorithm promotes the
fitter members to the next generation and modifies them further while
eliminating the weaker ones. It has been previously employed in multi-
layer designing for applications of x-ray reflecting mirrors and enhanced
thermal conductivities, among others [13,15,27].

We discretize the multilayer structure into bits of a desired thick-
ness to encode it in our GA. We use a bit size of 100 nm to reduce
computational time for an initial comparison for Rggjar, €y, and RC-
optimized structures. Later in this work, the bit size is reduced to 10
nm for more precise optimization. Binary indexing represents the ma-
terial that makes each bit of the multilayer. A bit indexed ‘1’ refers
to the reflective material, while a bit indexed ‘2’ refers to the air gap,
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with the corresponding refractive index assigned to them. The method-
ology works on sets of design points created within the solution space,
termed ‘population.’ An initial population is randomly generated for the
GA using the encoding system. Subsequently, it is passed through the
predefined fitness function. Then the population is ranked according
to their fitness values, and we perform operations on it that involve -
selection, crossover, and mutation.

As the name suggests, selection is a step that selects the best-
performing members of the population to proceed to the next gener-
ation. A rank-based selection process is employed in our algorithm. The
top-ranked members are selected and proceed to the next generation
based on a probability factor given as-

Pl ———— 20
¢ + rank(i)

The other members are replaced by new members formed through the
crossover and mutation. Crossover helps combine different parent mem-
bers of a population to generate a new member that shares attributes
of the parents. We perform the single-point crossover in our GA with
a probability of 0.8. It picks two parent members randomly and ex-
changes some part of one member with the other selected member, as
shown in Fig. 2. In the final step, we perform mutation with a probabil-
ity of 0.5 in randomly selected population members. This step involves
interchanging randomly selected elements in the member, which helps
the GA cover wider design space in search of the global maxima. Once
all the operations are performed, we obtain the next generation of the
population. TMM evaluates the performance of this new population and
the same process is iterated further with this generation to produce the
next one. We repeat it until we reach a maximum reflectance that does
not vary in the following generation, indicating the global maxima of
total reflectance.

3. Results and discussion

3.1. Comparison of GA optimization using Ryyjqy, €5ky» and RC objective
functions

Our GA optimization is employed on a 20 um calcite multilayer with
three objective functions - Rygjar, €5y, and RC. The minimum bit size
for the optimization is set to 100 nm to efficiently carry out the op-
timization using the TMM for all the population members for the full
wavelength spectrum. The Ry, and &g, based optimization requires
35 generations to achieve a convergence of population to the optimum
of the objective function. However, due to the dependence of RC on
both solar reflectance and sky window emissivity, RC-based optimiza-
tion requires around 60 generations which increases the computational
time.

As shown in Table 1, the maximum solar reflectance obtained from
Ryolar and RC optimization is 98.5%. The ¢y, also matches with a value
of 0.05, which is significantly low for radiative cooling. This is expected
from the dielectric function of CaCO5, which shows negligible reso-
nance in the sky window. The e, optimization focuses solely on the
maximization of e(A\) between 8 um to 13 um. Here, the best structure
only converges to a sky window emissivity of 0.09; thereby, it does not
demonstrate as much benefit as expected or required. This is a con-
straint offered by nature itself which evolved using these CaCO; shells
with low sky window emissivity. The spectral reflectivity and emissiv-
ity of all three multilayers can be found in the SI. A comparison of the
RC in these structures reveals both R ,. and RC-optimized multilay-
ers have equal RC of -0.06, while ey, optimized structure shows an RC
of -1.17. These RC values are much smaller compared to calcite-based
nanoparticle white paint developed by Li et al., which shows an RC of
0.49 [4]. Although, in their case, the paint thickness is larger and much
of the sky window emissivity is contributed by the acrylic matrix of the
paint.

The resulting volume fractions of the three structures indicate the
underlying optimization mechanisms. To maximize Ry, increasing the
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Fig. 2. The genetic algorithm (GA) optimization methodology workflow shows the various steps taken to explore design space and to obtain the optimized multilayer
structure. Starting with an initial population, the fitness is obtained using total reflectance as one example of the objective function. If the maximum total reflectance
does not converge, the GA evolves the population using selection, crossover, and mutation. The process is iterated until the optimized structure is obtained, as shown
in the green box. (For interpretation of the colors in the figure(s), the reader is referred to the web version of this article.)

Table 1
Optimization results using Ry, €4y» and RC as objective functions respectively.
Result . .
Objective Function Ryolar Egy RC Calcite Volume Fraction
Rygjar 0.985 005 -0.06 0.48
Eqy 0.823 009 -1.17 0.75
RC 0.985 0.05 -0.06  0.52

number of interfaces can enhance localization discussed later in this
work. The logic aligns with RC optimization, as solar reflectance has
a greater influence on RC. However, the GA moves towards structures
with more calcite since air gaps cannot provide emissivity, which com-
promises Ry,

Furthermore, we choose to use Ry, as the objective function in the
following sections of this work because of three main reasons - similar-
ity in results from Ry, and RC optimization, the negligible influence
of e, on RC and significant reduction of computation. As discussed
earlier, the Ry, and RC optimized structures converge to the same
maximum. This is a consequence of the nearly zero absorption of the
biologically present calcite in the sky window range, which makes so-
lar reflectance the lead contributor to radiative cooling. Using the full
spectrum also scales up the computations as TMM calculates spectral
reflectance, transmittance and emission for all wavelengths and for all
members of each iterated population. Subsequently, the choice of only
using the solar spectrum is justified as it can reduce computations and
enable a more precise search using a smaller bit size for the GA encod-
ing.

3.2. Manual search for periodic design and GA optimization of 20 um
calcite multilayer

We manually search for enhancement of total solar reflection by con-
sidering a periodic photonic crystal multilayer with a coating thickness
of 20 pum using calcite as our reflective material. The layer thicknesses
are varied from 100 nm to 500 nm with up to +15% randomness to
study the reflectance performance for periodic multilayers in TMM.
We analyze the spectral reflectance of 100 nm, 200 nm and 300 nm
layer structures since they show higher solar reflectance, as shown in
Fig. 3(a). Reflectance peaks are observed depending on the layer thick-
ness due to the opening up of a photonic bandgap [11,50]. Fig. 3(a)

shows one broad spectral reflectance band corresponding to each struc-
ture. The 100 nm layer structure reflectance band lies in 200-800 nm
range; for 200 nm layer structure, this reflectance band shifts to the
900-1400 nm range. For the 300 nm layers, it lies in the 1500-1900
nm range. Roughly, photons with a wavelength ~5-6 times the layer
thickness are localized in our periodic multilayer structures of CaCOj.
As we increase the layer thickness, the reflectance peaks shift towards
longer wavelengths. This shifting can be accounted to the shifting of the
photonic band gap. The wavelength range of this band is consequential
for reflecting the solar spectrum as it should correspond to peak solar
irradiation.

We maximize the solar reflectance by GA optimization on the 20
um calcite multilayer using 10 nm bits for encoding. The GA popu-
lation evolves with each passing generation leading to the maximum
reflectance, as shown in Fig. 3(b). The GA optimized structure of 20
um thickness shows a total reflectance of 99.8%. This structure has 111
mixed large and small layers with calcite as the first and last layer of the
multilayer structure. The average calcite layer thickness is 171 nm and
the air gap is 189 nm. The volume fraction of calcite in the optimized
multilayer, thus, accounts to 0.47, which is similar to the periodic mul-
tilayer volume fraction of 0.5.

We further analyze the layer thickness dependence of the periodic
and optimized aperiodic structures. Both indicate high reflectance in the
150 nm to 200 nm average layer thickness range, as shown in Fig. 3(c).
In periodic structures, we observe that the coatings with ~150-200
nm layers have their spectral high-reflectance bands coinciding with
the peak of solar irradiation, maximizing the solar reflectance. The GA
traverses the vast design space with smaller and larger average layer
thicknesses. Population evolution leads the design space to an average
calcite layer thickness of 150 nm to 200 nm. This broadly agrees with
our findings that the total reflectance depends on the average layer
thickness. We observe the maximum solar reflectance for the periodic
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Fig. 3. (a) Spectral reflectance and total reflectance for periodic multilayers using layer thicknesses from manual search with inclusion of randomness up to +15%.
(b) Evolution of 20 pm multilayer structures during the GA optimization shows the progression to the optimized structure composed of 111 layers and 0.47 volume
fraction calcite. (c) Comparison of total reflectance for manual search using different layer thicknesses of periodic multilayers and GA optimization for 20 pm coating.
(d) Spectral reflectance comparison of GA optimized coating and periodic multilayer coating of 200 nm layers with reference to solar irradiation spectrum. Dotted
lines mark the 540 nm and 755 nm wavelengths used for electric field analysis. (e) Electric field intensity inside the GA-optimized coating shows localization at 1 =
540 nm and A = 755 nm. (f) Electric field propagation inside the periodic multilayer of 200 nm layers, showing localization at A = 540 nm and no localization at

A =755 nm.

coating of 88.98% at a layer thickness of 170 nm. Interestingly, the
average calcite layer thickness for maximum reflectance coincides for
the manually searched periodic multilayer and GA-optimized aperiodic
multilayer.

We investigate further by comparing the spectral reflectance of the
periodic structure of 200 nm layers and the GA optimized structure in
Fig. 3(d). Using the AM1.5 solar spectrum for reference, the optimized
design shows near 100% reflectance at wavelengths corresponding to
higher solar irradiation. However, the periodic structure shows dips in
reflectance at different wavelengths. This makes the optimized system
better performing compared to the periodic multilayer. We also cal-
culate the electric field intensity within the coatings to elucidate the
effect of photon localization. The electric field is plotted at any dis-
tance ‘x’ inside the multilayer coating for the GA optimized and the
periodic structure in Fig. 3(e) and Fig. 3(f), respectively. We consider
wavelengths of A= 540 nm and A= 755 nm as sampling points marked
with dotted lines in Fig. 3(d), as the intensity of solar irradiation is con-
siderably high in those wavelengths. The electric field amplitude in the
GA-optimized coating shows a robust localization at the beginning, with
the field magnitude much greater than the incident E; at both wave-
lengths. The periodic coating localizes 540 nm wavelength reasonably;
as a result, it provides near 100% reflectance for these photons. How-
ever, the extent of localization for this periodic structure is low for the
wavelength of 755 nm, as demonstrated by the oscillating electric field.
The oscillating electric field implies propagating EM waves in the mul-
tilayer resulting in the transmission of these photons, thereby reducing
the solar reflectance at that wavelength. On the other hand, the local-
ization demonstrated by the optimized structure leads to the decay and
attenuation of the EM waves leading to opaque properties desirable in
the multilayer. The GA improves upon the shortcomings of the periodic
structure by including layers of various thicknesses in the multilayer.
The layer thickness distribution helps the multilayer coating to localize
photons at wavelengths that are not localized in the periodic structure.

3.3. Optimization of calcite multilayers for different total thicknesses

Next, GA optimization is performed for 5 pm, 10 um, 20 um and
40 um coating thickness. The optimized total reflectance is compared
with a baseline periodic structure of 0.5 volume fraction calcite and
170 nm layers derived from the 20 pm multilayer manual search. The
GA-optimized designs show superior and unmatched total reflectance
compared to the baseline structures, as shown in Fig. 4(a). We observe
the total reflectance values increase as the total thickness increases and
eventually starts plateauing. The trend of increasing reflectance with in-
creasing coating thickness and saturation at higher thickness is a known
artifact in multilayers.

We evaluate the cooling capacity of the optimized aperiodic mul-
tilayers to quantify the cooling performance. Figure 4(b) shows the
spectrally radiated power density (P.,4) and net cooling power density
(Poo1) for the optimized multilayers calculated using the heat transfer
formulation described in Sec. 2.2.6. To estimate the cooling power, the
ambient atmospheric temperature (T,,;,) is set to 300 K (27 °C). We con-
sider three hypothetical cases of temperature differential between the
surface (T) and the ambient as - case I) T, = 310 K, case II) T, = 300 K
which is the neutral case, and case III) T, = 290 K. As expected, the net
cooling power increases as thickness increases owing to the increased
solar reflectance and emissivity. In the neutral scenario of no tempera-
ture differential (case II), the 40 um optimized multilayer delivers the
best cooling performance (P.,.;) of 53 W/m? and the highest P,,q of
145.78 W/m?2. P and P,,q4 increase in case I as higher surface tem-
perature contributes to higher emissive power. In case III, P, and P4
drop but are still net positive which demonstrates sub-ambient cooling
due to the CaCO3 multilayers. In addition, we also calculate the radia-
tive cooling figure of merit for these structures, as shown in Fig. 4(c).
The RC figure of merit is a unitless parameter used to evaluate radiative
cooling performance using a special case of the cooling power calcula-
tion (T = T,pp). The RC-value is negative for smaller thickness as both
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the solar reflectivity and sky window emissivity are low. As the thick-
ness increases, the figure of merit also indicates sub-ambient cooling.

Further insights into the optimization are obtained by analyzing the
spectral reflectance of the optimized structures, as shown in Fig. 4(d)-
(g). The spectral response manifests the prioritization of reflectance in
the wavelength region of high solar irradiation intensity (~400 to 1000
nm). This prioritization is distinctly visible in a small coating thickness
of 5 um and to an extent, in 10 um. GA makes this possible by stacking
up layers of appropriate smaller and larger thicknesses to localize pho-
tons across the solar spectrum. Due to the small total thickness, GA can
only stack up layers that can help reflect the high-intensity part, which
are comparatively shorter wavelengths of solar irradiation. As we in-
crease the coating thickness to 20 um, GA acquires more flexibility to
localize the longer wavelengths of the solar spectrum as well. It can do
so by including layers of larger thickness in the multilayer structure. We
observe that thicker layers are essential to localize longer wavelengths
of photons, thus enhancing the solar reflectance of the coating. The
layer thickness distribution of the optimized multilayer structures can
be found in Fig. S3 of the SI. A crucial attribute obtained in the anal-
ysis shows that the volume fraction of calcite in these GA-optimized
structures is ~0.5 in all four cases.

3.4. Comparison of GA optimization for CaCO3, BaSO, and SiO,
multilayers

Furthermore, we analyze the trends in total solar reflectance, aver-
age layer thickness, and volume fraction with increasing total thickness
for optimized multilayers obtained from the GA for CaCO5;. We repeat
the same study for BaSO, and SiO, to establish and concretize a corre-
lation. The trends obtained from GA optimization have been compiled
in Fig. 5. Figure 5(a) compares the total reflectance for the three mate-
rials. CaCOj; gives the best performance, followed by BaSO,, then SiO,.
As expected from previous studies, the refractive index contrast plays a
role in determining the overall performance of total reflectance [8-10].
CaCO5 and BaSO, show nearly similar total reflectance, while SiO, has

a smaller refractive index contrast with air, as shown in Fig. 5(c), pro-
vides a smaller total reflectance. The comparison of average material
layer thickness GA optimized structures at a fixed total thickness in
Fig. 5(b) agrees with our prior investigation using calcite. The interest-
ing finding obtained here is on the volume fraction. We map out the
shaded areas for each material in Fig. 5(d). In all the cases we con-
sidered for optimization, the volume fraction obtained is in the 40 to
50% range. However, we note the exception for optimization at 40 um,
where the volume fraction is slightly >50% in all three cases. We be-
lieve this is because of the saturation of total reflectance to >99.9%
obtained due to the large thickness of the coating. The average thick-
ness of air gaps in Fig. 5(e) does not show an increasing trend, however,
it shows a consistent range between 150 nm to 200 nm.

These results indicate that layer thickness is crucial for multilayer
designs offering photonic reflection. The choice of layer thickness af-
fects the opening up of the photonic band gap in the periodic structures
and localization of photons in aperiodic (optimized) structures, thus, de-
termining the wavelength band where reflectance is observed [11]. The
photonic band gaps generate evanescent waves in that spectrum, decay-
ing exponentially through the multilayer. This localization of photons
leads to the maximization of solar reflectance in multilayered systems.
The underlying phenomenon observed here can be used to determine
the layer thickness in multilayer mirror design for various applications.
This machine learning-based optimization using GA exploits the photon
localization behavior to optimize the layer thicknesses such that wave-
lengths across the solar spectrum can be effectively reflected. However,
the longer wavelengths observe a small coating thickness as a single
homogeneous dielectric and hence, do not get localized within it. To
compete with them, the GA accommodates some larger and smaller
layers to create localization across the spectrum which is only possible
when the coating thickness increases. As a result, we obtain a total so-
lar reflectance of 99.8% at 20 um coating thickness with calcite, which
is the main constituent and most important player for a snail’s shell to
survive in hot and dry conditions.
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Furthermore, identical to Sec. 3.1, we also perform the optimization
using three different objective functions - the Ry, €5y, and RC for
the BaSO, and SiO, multilayers. A higher sky window emissivity is ob-
served in BaSO, (~0.9) and SiO, (~0.5) multilayers due to the presence
of resonance peaks in the 8-13 um wavelength range. The sky window
emissivity of BaSO, is much higher than SiO, and CaCO5, which gives it
an edge in radiative cooling, this is also demonstrated by Li et al. using
their cooling paint [5]. However, the Ry, and RC-optimized multi-
layers still show closely identical behavior, demonstrating the stronger
influence of solar reflectivity in radiative cooling. Details of the results
can be found in the Table S1 of the SI.

The multilayer optimization performed in this work uses a minimum
bit size of 10 nm to increase the optimization precision. By leveraging
the ecological phenomenon, this research enables the prediction of a
theoretical maximum by incorporating a greater number of layers into
the multilayer structure and extract insights from it. The structures can
be simplified by compromising the performance through various ad-
justments like increasing bit size, adding constraints for the number of
layers, etc. It will be challenging to manufacture such multilayers, while
nanopillar-like structures or other materials like polymers in place of air
gaps can be used to provide the desired refractive index contrast.

4. Conclusion

This work investigated a biologically inspired multilayer structure
to unlock its maximum potential for ultra-reflective coatings. The pro-
posed design stacks calcium carbonate (reflective material) with air
gaps, miming a snell’s shell known for surviving in extreme condi-
tions. We use an evolutionary GA to optimize using the Ry, RC and
Eqy Objective functions. Our results indicate low sky window emis-
sivity in the CaCO5 multilayer which is a biological constraint, while
the Ry, and RC optimization result in an identical maximum, making
Ryo1ar the primary focus here. Next, we manually searched for a 20 um
periodic multilayer structure by varying the layer thicknesses. TMM cal-
culations were performed on these structures and maximum total solar
reflectance of ~89% was obtained at 170 nm layer thickness. The study
showed a distinct correlation between the layer thickness and the peak

of spectral reflectance, which prompts the maximum solar reflectance of
the periodic multilayer. We optimized this structure to exploit the vast
design space of multilayers and obtained a solar reflectance of 99.8%
at 20 pm coating thickness. The GA-optimized reflectance was far supe-
rior to the manual search. We further optimized and analyzed coatings
of 5 um, 10 um and 40 pm. The optimized solar reflectance in these
multilayers also significantly beats our baseline standard and shows
significant cooling power for radiative cooling. The spectral analysis
showed that the GA prioritizes reflecting the wavelengths with higher
intensity of solar irradiation. It stacks up layers of varying thicknesses
such that the incident photons can be localized in the coating. We fur-
ther validated this understanding by employing the GA on other known
solar reflective materials - barium sulfate and silicon dioxide. The aver-
age material layer thickness thus obtained follows an increasing trend
with increasing coating thickness. GA also finds it more accessible for
bigger coatings to localize the longer wavelengths by including larger
layers, which results in the increasing trend we have observed. We also
established the optimized volume fraction to be ~50% in the multilayer
design.

Our analysis helps in understanding the underlying mechanisms of
biological and multilayer systems. It will help exploit the multilayer de-
sign for enhanced reflectance in bio-inspired design and manufacturing
in the future.
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