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Machine Learning Designed and Experimentally Confirmed
Enhanced Reflectance in Aperiodic Multilayer Structures

Prabudhya Roy Chowdhury, Krutarth Khot, Jiawei Song, Zihao He, David Kortge,
Zherui Han, Peter Bermel, Haiyan Wang,* and Xiulin Ruan*

Machine learning (ML) methods have gained widespread attention in
optimizing nanostructures for target transport properties and discovering
unexpected physics. Here, an ML method is developed to discover and
experimentally confirm binary CeO2-MgO aperiodic multilayers (AMLs) for
thermal barrier coatings with significantly enhanced reflectance. The effect of
varying AML design parameters like total thickness, average period, and
randomness in layer thicknesses, on the spectral and total reflectance is
demonstrated. Introducing aperiodicity in layer thicknesses is shown to lead
to a broadband increase in spectral reflectance due to photon localization.
Since the number of possible AML structures increases exponentially with
total thickness, a Genetic Algorithm optimizer is developed to efficiently
discover AMLs with enhanced reflectance, for total thicknesses of 5–50 μm.
Surprisingly, all the optimized structures show an odd number of layers with a
CeO2 layer at both ends, deviating from the traditional way of designing
binary superlattices with paired layers. The optimized AML and a reference
periodic superlattice of 5 μm thickness are fabricated by Pulsed Laser
Deposition and characterized by optical reflectance measurements. The
fabricated AML, despite considerable fabrication uncertainty, still enhances
the reflectance to 48% from 40% of the reference superlattice, validating the
effectiveness of our ML-based optimization process.

1. Introduction

The design of thermal barrier coatings (TBCs) for high tem-
perature applications is extremely important in order to keep
pace with the demand for higher efficiency operation of turbine
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engines and power generators. For exam-
ple, although the efficiency of gas turbines
can be increased by raising the turbine in-
let temperature, this is severely limited by
material considerations that provide an up-
per limit of temperature above which ther-
mal degradation can occur. Thermal barrier
coatings play a crucial role in preventing
the turbine blades and rotors from reach-
ing extremely high temperatures and miti-
gating the limitations imposed by the me-
chanical and thermal stability of the con-
stituent materials. Since TBCs are respon-
sible for retarding the transport of heat
to the metallic turbine components, TBC
materials are required to have low ther-
mal conductivity and high melting points,
which are commonly observed in ceramic
materials such as yttria stabilized zirco-
nia (YSZ).[1,2] In the past decades, signif-
icant efforts have been made to design
improved TBC materials that can provide
better thermal insulation at a lower coat-
ing thickness, which reduces the parasitic
mass load for rotating turbine components.
Heat transport to the metallic substrate
through the TBC can take place via

two pathways: heat conduction through phonons and thermal ra-
diation through photons. At low temperatures, the heat transport
is dominated by phonon mediated heat conduction and radiation
effects are small. Consequently, much effort has been devoted
to design materials and microstructures with low lattice thermal
conductivity.[3–8] On the other hand, at higher temperatures, heat
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transport by radiation can lead to a significant temperature in-
crease of the metallic substrate, even as high as 50°C.[9] Signifi-
cant insulation can be gained for better thermal management by
mitigating radiative transport in the peak wavelengths of the in-
cident irradiation, which is shifted to lower wavelength values at
high temperatures according to the Wien’s displacement law. For
example, it has been shown that YSZ has a high transmittance
to radiation in the wavelength of 0.3-5 μm,[10] which accounts
for 90% of the total black-body irradiation at T = 1500K. As a
result, TBC systems need to incorporate both phonon and pho-
ton scattering mechanisms for efficient thermal isolation at high
temperatures. Similar to strategies for lowering lattice thermal
conductivity by enhancing phonon scattering, several methods
have been investigated to enhance photon scattering in TBCs for
increased reflectance to the incoming thermal radiation. Wolfe
et al.[11] studied the performance of ZrO2 − 8 wt. % Y2O3 (8YSZ)
whose microstructure was modulated by periodic strain fields,
and found that the hemispherical reflectance was increased by
28–56%. One of the effective methods to reduce photon trans-
mission is the use of multilayered and functionally graded TBCs.
Such systems can overcome the limitations imposed by the ther-
mophysical and optical properties of a single material, as well
as enhance photon and phonon scattering at multiple interfaces
within the system. Most studies in literature on such multilay-
ered TBC systems have focused on the fabrication,[12,13] mechan-
ical characterization,[14] and failure analysis.[12,13,15] Kelly et al.[16]

reported a 73% infrared reflectance maximum at 1.85μm and an
overall increase in reflection spectrum from 1–2.75μm in mul-
tilayer 7YSZ-Al2O3 TBC coatings. Huang et al.[17] designed and
analyzed a system of similar constituent materials, where 7YSZ-
Al2O3 multilayer stacks of varying layer thicknesses were used
to achieve broadband photon scattering and high reflectance. Ge
et al.[18] fabricated and studied the radiative transport properties
of YSZ/NiCoCrAlY duplex TBCs and multilayered functionally
graded TBCs with varying multilayer structures, porosities, and
thicknesses. They found a negligible transmittance for the major-
ity of YSZ/NiCoCrAlY functionally graded TBCs studied, with the
top YSZ layer having a strong influence on the overall reflectance.

It is evident that multilayered TBC systems can exhibit
superior performance in inhibiting both phonon and photon
heat transfer. However, the process of development of such
multilayered systems has largely been empirical and driven by
experimental trial-and-error studies. Moreover, a large number
of candidate materials and several design parameters such as
individual layer thicknesses and stacking order of the constituent
materials lead to a huge design space for multilayered TBC sys-
tems which cannot be efficiently searched using these traditional
methods. In such problems, machine learning (ML) and mate-
rials informatics (MI) are very attractive and even indispensable
tools in driving design optimization and discovering novel
physical phenomena. ML and MI-based optimization methods,
coupled with accurate yet expensive numerical simulations to
evaluate candidate solutions, have been recently adopted to solve
thermal transport engineering problems with great success, such
as accelerating design of nanostructures with target thermal
transport properties.[19–25] For example, a design optimization
of 1 − D aperiodic superlattices (SLs) showing ultra-low lattice
thermal conductivity was performed using a Bayesian Optimizer
by Ju et al.[19] and using a Genetic Algorithm in one of our

previous works.[22] These studies have confirmed and further
developed novel insights into the phonon transport mechanisms
in these structures, including the role of phonon localization.[26]

Probably more interestingly, machine learning has been used to
successfully challenge conventional wisdom and discover excep-
tions in thermal transport.[24,25] MI methods have also been used
to optimize nanostructure design for target radiative transport
properties, notably for the design of selective emitters and reflec-
tors for radiative cooling.[27–32] The great success achieved by ML
and MI methods in the above studies encourages us to employ
such methods for the design optimization of mutlilayered and
functionally graded TBC systems.

In this work, we demonstrate the performance of CeO2 and
MgO-based periodic and aperiodic superlattice (SL) multilayer
systems as high temperature TBCs with high reflectance to
thermal radiation. Using a Genetic Algorithm (GA) optimization
process, we are able to identify aperiodic multilayer (AML)
structures with total thicknesses of 5–30μm that can reflect
≈ 60 – 93 % of the blackbody radiation at T = 1500K. In this
paper, we use the terms random multilayer (RML) and aperiodic
multilayer (AML) interchangeably. The spectral reflectance and
transmittance of each candidate structure is calculated using
the transfer matrix method. First, we calculate the reflectance
of periodic CeO2-MgO SLs with varying total and average layer
thicknesses, and identify the occurrence of an optimal average
layer thickness at which the total reflectance is maximized. The
effect of having aperiodic layer thicknesses on the reflectance is
studied by manually providing varying degrees of perturbation
to the individual layer thicknesses, which causes localization of
photons. Next, we employ our GA based optimization process on
multilayer systems with total thickness varying from 5–30μm.
The GA-optimized structures show a broadband high reflectance
in the wavelengths coinciding with the peak blackbody radiation
at the desired temperature. In order to validate our robust ML-
based discovery approach of high reflectance AML structures,
we fabricate the optimized AML and reference SL with 5μm total
thickness using Pulsed Laser Deposition, and the optical perfor-
mance of these structures are characterized by optical reflectance
measurements. The optimized structures show a significant in-
crease in reflectance due to non-intuitive structural features such
as the presence of an unpaired CeO2 interface at the end as well
as an optimal layer thickness distribution throughout the AML.

2. Experimental Section

2.1. Simulation Methods

2.1.1. Transfer Matrix Method for Calculating Reflectance of
Multilayer Structures

The reflectance and transmittance of a 1D multilayer structure
was evaluated using the transfer matrix method, which solves the
Maxwell’s equations subject to a uniform normal electric field E.
The interfaces between CeO2 and MgO layers were assumed to
be perfectly smooth. Within the multilayer system, the field Ei
is composed of its forward (transmitted) component E+

i and its
backward (reflected) component E−

i . The schematic of the multi-
layer system with the field components is shown in Figure 1a. It
uses the convention of naming the fields at the left end of each
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Figure 1. a) Schematic of multilayer structure with N layers showing the transmitted and electric field components calculated in the TM method (b)
Variation of total reflectance with average layer thickness for CeO2-MgO periodic superlattice (SL) structures for total thicknesses of 1–50 μm. The
spectral reflectance versus wavelength is shown for three different structures with total thickness of 5 μm and average layer thickness of (c) davg=100nm,
(d) davg=278nm which gives the highest reflectance among SLs with total thickness of 5 μm, and (e) davg=625nm. The shaded plot in the background
represents the shape of the blackbody thermal radiation spectrum at T=1500K.

layer as E
′+
i and E

′−
i and those at the right end as E+

i and E−
i . The

field components on each end of a layer of material A, with com-
plex refractive index mA, are related by:[

E
′+
1

E
′−
1

]
=
[

eikA(dA)1 0
0 e−ikA(dA)1

] [
E+

1
E−

1

]
= (PA)1

[
E+

1
E−

1

]
(1)

here, (dA)1 is the thickness of the 1st layer composed of mate-
rial A (as an example), kA = 2𝜋mA/𝜆0 is the wave number, 𝜆0 is
the wavelength in vacuum, and ma and mb are the complex re-
fractive indices of the two materials A and B, respectively. In this
work, the refractive indices of MgO measured by Stephens and
Malitson[33] for the wavelengths of 0.36–5.35 μm, and those of

CeO2 measured for wavelengths of 0.25–1.09 μm by Gue et al.[34]

were used. The refractive index at higher wavelengths till 8 μm
were obtained using a simple linear extrapolation.

From Equation (1), the field components on either side are re-
lated as

[
E+

1
E−

1

]
=

[ mB+mA

2mA

mB−mA

2mAmB−mA

2mA

mB+mA

2mA

][
E

′+
2

E
′−
2

]
= I12

[
E

′+
2

E
′−
2

]
(2)

Equations (1) and (2) can be written for all N layers in a multi-
layer system, and the field components at the boundaries of the
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multilayer can be related using the equation:[
E+

0
E−

0

]
= I01(PA)1I12(PB)2I23 …PNIN(N+1)

[
E+

t
0

]
(3)

For a given value of the incident field E+
0 , Equation (3) may be

solved for the reflected field component E−
0 and the transmitted

field component E+
t . One can then obtain the spectral reflection

and transmission coefficients from the relations:

R(𝜆) = |E−
0

E+
0

|2 (4)

T(𝜆) = |E+
t

E+
0

|2 (5)

In order to evaluate the relative performance of the different
multilayer structures in high temperature TBC applications, the
total reflectance was calculated by integrating the spectral re-
flectance weighted by the blackbody radiation spectrum at 1500K.
While the spectral properties could provide insight into the phys-
ical behavior of these systems, the integrated total reflectance
value could be used as an objective function while optimizing the
multilayer structures for best performance. The total reflectance
is calculated as:

Rtotal =
∫ R(𝜆)Gbb(𝜆, T = 1500)d𝜆

∫ Gbb(𝜆, T = 1500)d𝜆
(6)

where the blackbody radiation Gbb at a temperature T is given
by:

Gbb(𝜆, T) = 2𝜋hc2

𝜆5

1

e
hc

kB𝜆T − 1
(7)

here, h is the Planck constant, c is the speed of light in vacuum
and kB is the Boltzmann constant.

2.1.2. Genetic Algorithm Optimization Framework

In order to find the random multilayer configuration with the
highest reflectance, a Genetic Algorithm (GA) optimizer was
developed, which was an evolutionary algorithm that mimics
the principle of natural selection to find the optimal solution.
Since the GA is not a gradient-dependent optimization process,
it works well for problems involving a complex response surface
since the GA can avoid getting trapped within a region of local op-
timum. Moreover, GA’s have been found to have superior perfor-
mance compared to other gradient-based optimization problems
when the number of optimization variables is large, and candi-
date evaluations within each iteration can be parallelized to re-
duce computational time. In a GA based optimization, candidate
solutions within the design space are encoded as individuals or
phenotypes with properties represented as chromosome strings
that are altered by evolutionary operations. The GA was started
with an initial population of encoded individuals that might be
chosen randomly or using any prior knowledge available about
the design space. In each iteration or generation, the individu-
als in the population were evaluated with respect to a suitably

designed objective function, and a fitness value was assigned to
the individual based on this evaluation. In the next step, a new
population of parents was formed by probabilistic selection from
the current generation, where individuals with high fitness value
had a higher probability of being selected. This step ensures that
only the best properties or genes in each generation are propa-
gated to the next generation, thus leading the generation toward
better fitness individuals. Subsequently, the evolutionary opera-
tions of crossover and mutation were performed to breed a new
generation from the selected population of high-fitness parents.
Crossover was performed by choosing a pair of individuals from
the parent pool and stochastically combining genes from these
parents to form two new offsprings. On the other hand, mutation
introduced genetic diversity in a single offspring by altering the
value of one or more randomly selected genes that could intro-
duce candidate solutions from unexplored regions of the design
space. Both these operations were performed with a probability
of occurrence that needs to be suitably chosen to ensure a balance
between exploration of new solutions and exploitation of already
explored solutions. A new generation of candidate solutions was
obtained after performing the operations of selection, crossover,
and mutation, which is then progressed to the next iteration of
the GA. To stop the GA, a convergence criteria could be set such
as a target fitness value or a relative change in fitness value over
several successive generations.

In this work, the periodic and random superlattices were
encoded as N-bit binary arrays, where each bit in the array
represents the type of material for a 10 nm thick layer at the
corresponding position along the length of the superlattice. Each
bit in the array was encoded as one if the corresponding position
consists of a CeO2 layer or two if it consisted of a MgO layer.
Thus, design space consisted of 2N possible solutions for a super-
lattice system of 10 × N nm total thickness. A population size of
1000 was chosen for all thicknesses studied. Since the aim was to
identify the multilayer structure with the highest reflectance, the
objective function was chosen as the total reflectance calculated
using the transfer matrix method. The initial generation was pop-
ulated by randomly generating superlattice structures while also
covering the entire range of possible average layer thicknesses.
A rank-based selection process was implemented, where the
probability of an individual to be selected as for the parent pool
was inversely proportional to the rank of the individual when the
entire population was sorted in decreasing order of the objective
function. The probability of selection is given by the expression

P(i) ∝ 1
c + rank(i)

(8)

where c is a parameter than can be adjusted to control the se-
lectivity of best-fit individuals. The probabilities were normalized
such that the sum of all probabilities was one. After selection of
the parent pool, crossover, and mutation were performed 80%
and 50% of the time. A single-point crossover was used, in which
a random position was chosen along the N-bit binary arrays of
two parents and the sections of the arrays succeeding the cho-
sen position were interchanged between the two parents to form
the two new offspring. The mutation operation was performed in
either of two ways, which could occur with equal probability: i) a
single bit was chosen along the N-bit array of the offspring, and its
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Figure 2. a) Schematic of the Genetic Algorithm (GA) based optimization process, showing the implementation of the selection, crossover, and mutation
steps.

value of the variable was flipped (1 to 2 or vice-versa) to change the
material occurring at that location, or ii) a random layer (group
of bits with the same value) was chosen and its length was in-
creased or decreased randomly (the length of the adjacent layer
was decreased or increased correspondingly to ensure the total
thickness of the structure was preserved). The first method of
mutation serves to perturb the number of interfaces in the struc-
ture, while the second method provides random perturbations
to the layer thicknesses. Figure 2 provides a schematic of the GA
optimization process, including the implementation of selection,
crossover, and mutation operations.

2.2. Experimental Methods

2.2.1. Sample Preparation

The CeO2-MgO films with periodic and random multilayer struc-
tures were deposited on MgO (100) substrates using pulsed laser
deposition (PLD) (with a KrF excimer laser, Lambda Physik Com-
pex Pro 205, 𝜆 = 248 nm). The layered structures were formed by
alternative ablation of CeO2 and MgO targets. The thickness of
each layer was controlled by the number of laser pulses based on
the growth rate of CeO2 and MgO. The chamber pressure was
lower than 1 × 10−6 mTorr before deposition and a 20 mTorr
oxygen pressure was maintained during deposition. The deposi-
tion temperature was kept at 600 °C and the chamber was cooled
down to room temperature under 20 mTorr O2 after deposition.

2.2.2. Microstructure Characterization

X-ray diffraction (XRD, PANalytical Empyrean with Cu K𝛼1 ra-
diation) was used to characterize the crystallinity of the as-

deposited specimens. High-angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) and energy-
dispersive X-ray spectroscopy (EDS) were conducted on Thermo
Fisher Scientific Talos F200X TEM to compare the microstruc-
tures of the periodic and random multilayer structures. The
cross-sectional TEM specimens were prepared using focused ion
beam (FIB, FEI quanta 3D FEG) milling.

2.2.3. Optical Characterization

The optical measurement in the UV–vis NIR range was per-
formed using Perkin-Elmer 950 UV–vis-NIR spectrometer with
an integrating sphere. The transmittance measurements were
done for a range of 0.25 to 2.5 μm . The transmittivity was con-
verted to reflectance by assuming the sum of the two quantities
equals one, assuming there was no absorption. The Fourier trans-
formed infrared spectroscopy (FTIR) measurement was done us-
ing Nexus 670 spectrometer covering wavelengths from 2 to 10
μm. The FTIR instrument composed of a Michelson interferome-
ter combined with a mercury cadmium telluride (MCT) detector.
These two measurements were compiled together to make the
final analysis and calculation of total reflectance.

3. Results

3.1. Reflectance of Periodic Multilayer Structures

In this work, multilayer structures composed of CeO2 and MgO
are chosen due to the large contrast in their refractive indices as
well as their high melting points which are crucial for thermal
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stability in high temperature TBC applications. A schematic of
a multilayer structure with N layers is shown in Figure 1a. The
layer thicknesses may be periodically alternating to form a super-
lattice (SL) or may be randomly chosen to form a random mul-
tilayer (RML). The total thickness of the systems studied in this
work range from 5–50 μm and the shortest thickness of each in-
dividual layer is allowed to be 10 nm.

We first evaluate the reflectance of CeO2-MgO based periodic
superlattice multilayer structures using the transfer matrix
method (TMM) which is described in the Experimental Section.
The main design variables that can be optimized in periodic SLs
are the total thickness L and the repeating layer thicknesses dCeO2

and dMgO. Figure 1b shows the total reflectance of SLs with equal
layer thicknesses of CeO2 and MgO, where we vary the total
thickness from 1–50 μm and individual layer thickness from
10 nm–1 μm. The plots for each total thickness show a similar
trend where the total reflectance initially increases with the
average layer thickness and eventually reaches a peak reflectance
value, following which a decrease in reflectance is observed.
To understand the reason behind this trend, we compared the
spectral reflectance of SLs with total thickness of 5 μm and three
different average layer thicknesses as shown in Figure 1c–e. In
all three cases, we observe the existence of strong oscillations in
the spectral reflectance, obtained from constructive and destruc-
tive interference due to multiple phase-preserved reflections
at the different interfaces in the multilayer structure. We also
notice the existence of a high reflectance photonic “stopband”
in each of the structures, which is similar to that observed
in a distributed Bragg reflector. The wavelength at which this
stopband occurs is found to vary with the average layer thickness
of the structure, and coincides with the location of the peak
blackbody thermal radiation spectrum (shown by the shaded
plot in the background) at an average SL layer thickness of 278
nm, causing the peak reflectance to occur at this layer thickness.

The total reflectance of SLs with a fixed average layer thick-
ness also shows an initially increasing trend with increasing to-
tal thickness of the system. This can be seen in Figure 1b, where
the reflectance at a constant average layer thickness increases
from L = 1 μm to L = 20 μm. For higher total thicknesses, the
reflectance does not show an increasing trend, and can even de-
crease slightly, as evident from the lines corresponding to L = 20
μm and L = 50 μm. Moreover, the increase in reflectance with in-
creasing total thickness is more significant at average layer thick-
nesses greater than ˜200 nm. The trend of increasing reflectance
with increasing total thickness at these average periods can be at-
tributed to the higher number of interfaces within the SL at larger
thicknesses, leading to more repeated reflections.

3.2. Reflectance of Random Multilayer Structures

Next, we analyze the effect of introducing randomness in the in-
dividual layer thicknesses on the reflectance of periodic super-
lattice structures. In providing such randomness to the SL layer
thicknesses, we ensure that the total multilayer thickness, as well
as the total thickness of each constituent material are conserved
to ensure a fair comparison. In order to quantify the degree of
randomness in a random multilayer structure, we use the stan-
dard deviation of the layer thickness perturbations as a percent-

age of average layer thickness, which is calculated as:

𝛿 = 1
davg

√√√√√√ N∑
i=1

(Δi − Δ̄)2

N − 1
(9)

where, Δi is the deviation of the ith layer thickness of the N-
layer RML from the corresponding SL layer thickness, and Δ̄ = 0
for conservation of total thickness of the constituent materials.
Such a definition of degree of randomness does not uniquely
specify a RML structure, since the relative positions of the lay-
ers does not affect 𝛿 at all. As a result, there may still be signifi-
cant variation of reflectance among structures with the same total
thickness, average layer thickness and degree of randomness. To
account for this, we generate three independent random struc-
tures at each average layer thickness and degree of randomness,
and choose the maximum total reflectance value among the three
RMLs for the corresponding data point.

Figures 3a,b shows the effect of randomization of superlattice
layer thicknesses on the total reflectance for two total thicknesses
of 5 μm and 50 μm, respectively. For both cases, the total re-
flectance is found to increase with increasing degree of random-
ness up to 𝛿 ≈ 40%, after which a non-monotonic fluctuation is
observed. While the maximum reflectance observed in the peri-
odic structure without randomness is 0.39 and 0.41 for 5 μm and
50 μm thick superlattices, respectively, the addition of random-
ness can increase the reflectance to 0.50 and 0.90. The spectral
reflectance is compared between a periodic and random structure
(with 𝛿 = 40%) for 5 and 50 μm total thicknesses in Figure 3c,–f,
respectively. It can be seen that the randomization of layer thick-
nesses causes an overall broadband increase of the reflectance
peaks, implying a low transmission in these structures. This ef-
fect can be attributed to the randomness-induced localization of
photons, similar to Anderson localization of electrons,[35] and has
been studied theoretically and experimentally in similar 1 − D
disordered systems.[36–38] The phase-preserved reflections occur-
ring at the randomly distributed interfaces within the RML can
cause constructive and destructive interference in a manner that
the field is enhanced in and confined to certain finite spatial re-
gions.

3.3. Genetic Algorithm Based Optimization of RMLs with High
Reflectance

As mentioned previously, for a fixed total thickness, average layer
thickness and degree of randomness, there may exist a large
number of possible solutions of individual layer thicknesses and
their spatial distributions, each leading to a different “realization”
of a RML structure. Considering a smallest allowable individual
layer thickness of 10 nm, the number of possible RML structures
for a total thickness of L μm is 2100L. With increase in the total
thickness of the structure, the size of the design space containing
all possible realizations increases exponentially, and cannot be
covered by an exhaustive search or even an intuition-guided opti-
mization process. Moreover, our simulation results on a small
number of realizations show that a significant variation in to-
tal reflectance can exist within structures having the same total

Adv. Optical Mater. 2024, 12, 2300610 2300610 (6 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. Total reflectance versus average layer thickness, showing the effect of randomizing the superlattice layer thicknesses by 𝛿 = 10, 20, 40, and
60%, for two total thicknesses of (a) L = 5μm and (b) L = 50μm. The spectral reflectance versus wavelength is plotted for comparison between two 5μm
structures with (c) 𝛿 = 0%(perfectly periodic) and (d) 𝛿 = 40%; and for two 50μm structures with (e) 𝛿 = 0%(perfectly periodic) and (d) 𝛿 = 40%. The
shaded plot in the background represents the shape of the blackbody thermal radiation spectrum at T = 1500K. (Inset multilayer structures are for visual
aid only and do not represent the actual structures).

thickness, average layer thickness, and degree of randomness. It
is evident that in order to efficiently scan the design space for
high reflectance RML structures with a target total thickness, an
alternative approach such as an automated and data-driven opti-
mization method is necessary.

Here, we use a Genetic Algorithm (GA) based automated opti-
mization framework to identify the RML structure with highest
reflectance. The details of the GA framework are outlined in
the Experimental Section, and the results of the optimization
process are provided here. Figure 4a shows the evolution of the

maximum reflectance among all structures in each generation of
the GA optimization, for the total thicknesses of 5, 10, 20, 30, and
50 μm. In each case, the initial population contained RML struc-
tures with a large range of average layer thicknesses in order to
promote sufficient diversity among the individuals and remove
any inherent bias to the optimization process. For each run, the
maximum reflectance is observed to increase from an initially
low value, corresponding to the expected reflectance obtained
if an RML was randomly generated, and converge to a much
higher reflectance after a number of generations. The maximum

Adv. Optical Mater. 2024, 12, 2300610 2300610 (7 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. a) Evolution of maximum reflectance identified by the genetic algorithm (GA) optimizer vs. generation of optimization, for four different total
thicknesses of 5, 10, 20, 30, and 50 μm b) The average layer thicknesses of all individuals in the population (red crosses) at each generation of the GA
optimization run for a total thickness of 10μm. The solid line shows the average layer thickness of the RML with highest reflectance at each generation
of the optimization process. c) Design of the GA-optimized RML structures with high reflectance for three total thicknesses of 5, 10, and 20 μm.

reflectance obtained in the optimized structures is 58.6%, 72.6%,
85.5%, 90.0%, and 96.9% for total thicknesses of 5, 10, 20, 30,
and 50 μm, respectively, which translates to an enhancement of
22.0%, 19.7%, 20.5%, 11.8%, and 8.7% over that obtained in ran-
domly generated RML structures of the same total thicknesses.
As shown in Figure 4b for the case of an optimization run on a
system with total thickness of 10 μm, the GA optimizer searches
through structures with various average layer thicknesses and
finally converges to a value of 303 nm, which is found to pro-
vide the structure with the highest reflectance. The average
layer thicknesses of the GA optimized structures for all total
thicknesses studied are found to lie in the range of 290 − 350 nm.

The designs of the GA-optimized RML structures for different
total thicknesses are shown in Figure 4c. A notable feature ob-
served in all the optimized structures is the presence of a CeO2
layer at both ends of the RML, leading to an odd number of layers
within the RML. This is in contrast to the traditional method of
superlattice design, where the layers are usually paired and the
structure contains an even number of layers. Since CeO2 provides
a higher contrast in refractive index to air than MgO, the presence
of a CeO2 layer at either end of the structure results in an interface
with a higher reflection coefficient leading to enhancement of the
total reflectance. This surprising feature of an odd number of lay-
ers in a binary superlattice has been previously demonstrated in
thermophotovoltaics (TPV) design,[39] but has not been applied
to superlattice structures with tailored thermal transport proper-
ties.

To gain further insight into the superior performance of
the GA-optimized RML structures, we compare the spectral re-
flectance of three different structures as shown in Figure 5a–c:
the GA-optimized RML with a total thickness of 10 μm, the refer-
ence periodic SL structure with same total thickness and average

layer thickness, and a non-optimized RML, which was randomly
generated from this reference SL structure using a degree of ran-
domness 𝛿 = 40%. As can be observed in the figures, the inclu-
sion of randomness causes an increase in the reflectance peaks
in a wide range of wavelengths from the reference periodic SL.
However, the wavelengths of the high reflectance peaks in the
GA-optimized structure coincide with the location of the peak
blackbody radiation spectrum at T = 1500K (shown by the shaded
plot in Figure 5a–c). As a result, the integrated total reflectance
of the GA-optimized structure is higher than that of the periodic
SL, which shows an overall lower spectral reflectance, as well as
the non-optimized RML for which the high reflectance peaks do
not coincide with the location of peak blackbody radiation.

The variation of the reflectances of the ML-explored RML
structures with respect to the average layer thickness is shown
in Figure 6a for the structures with a total thickness of 5 μm.
The reflectances of the periodic SLs with same thickness is also
shown in the figure for reference. We observe that the peak RML
reflectance is observed at an average layer thickness of ≈ 330 nm,
which is different than that at which the peak SL reflectance is ob-
served (≈ 290nm). This demonstrates that without using an ML
search method, it would not have been possible to arrive at the
best RML structure by following the intuitive direction of pro-
viding randomness to the best SL structure. We also compared
our optimized RML structures with a Quarter Wavelength Mul-
tilayer structure and a Distributed Bragg Reflector (DBR) mul-
tilayer structure. DBRs can provide a high reflectance within a
“forbidden” wavelength band by designing the layer thickness
to be 1/4th of the wavelength of this photonic stopband. In the
first structure, both alternating layers are equal to 1/4th of the
peak wavelength (≈ 2 μm) (Quarter Wavelength Multilayer in
Figure 6a), while in the second structure, the alternating layer

Adv. Optical Mater. 2024, 12, 2300610 2300610 (8 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. Spectral reflectance versus wavelength for three multilayer structures with total thickness of 10 μm: a) GA-optimized RML with high reflectance,
b) periodic SL with same average layer thickness, and c) a non-optimized RML structure with same average layer thickness. The field intensity distribution
versus position along the multilayer structure is shown for the same structures for a wavelength of 1.84 μm: d) GA-optimized RML with high reflectance,
showing significant field enhancement, e) periodic SL with same average layer thickness, and f) a non-optimized RML structure with same average layer
thickness. The x-direction denotes the stacking direction of the multilayer structures.

thickness of material i with refractive index ni is calculated ac-
cording to the formula di = 2μm/(4 × ni) (DBR in Figure 6a). As
observed in the figure, the optimized RML shows a much higher
reflectance than both the multilayer and the DBR structures.

As mentioned in the previous section (Figure 3), during the
manual search, we observed a non-monotonic variation of re-
flectance of the superlattice structures with increasing degree
of randomness. Following the GA-based search process, we plot
the reflectance of the explored structures with respect to the cal-
culated degree of randomness of each structure (as defined by
Equation (9)) in Figure 6b. Due to the vast number of structures
explored, we have only plotted the best structured identified in
each iteration of the search. As observed in the plot for two to-
tal thicknesses of 5 and 20 μm, the reflectance initially increases
with increasing degree of randomness to a maximum reflectance
reached at 40% randomness for 5 μm thickness and 50% random-
ness for 20 μm. Following this maximum, the reflectance is found
to decrease with further increase of degree of randomness. We
attribute this non-intuitive trend of an initial increase and sub-
sequent decrease of reflectance with increasing randomness in
layer thicknesses to the following reasons. At a low degree of ran-
domness, the photon transport is largely coherent due to the low
rate of randomness-induced photon scattering. In this regime, an
increasing degree of randomness causes higher coherent photon
localization and leads to a higher reflectance. The impact of this
coherent photon localization keeps on increasing till a critical de-
gree of randomness is reached, following which the photon trans-
port starts to become dominated by incoherent photon scattering.
As we keep on increasing the degree of randomness beyond this
point, the impact of coherent photon transport and localization
diminishes. This leads to a lower reflectance than that observed
at the critical degree of randomness.

To elucidate the effect of photon localization on the enhanced
reflectance in the GA-optimized RML structure, we also calcu-
late the distribution of field intensity inside the above multilayer
structures. The magnitude of the local field at any position x
along the direction of the multilayer structure can be obtained
from the sum of the forward and backward components as:

|E(x)| = |E+(x) + E−(x)| (10)

The normalized field intensity at any position can then be cal-
culated as |E(x)|2/|E0|2, which is shown in Figure 5d–f for a repre-
sentative wavelength of 1.84 μm. Our results show a significant
field enhancement within certain spatial regions within the GA-
optimized RML structure, which is lower in the non-optimized
RML structure and largely absent in the periodic SL structure.
This clearly demonstrates the presence of photon localization
within the optimized RML structures leading to high reflectance.

3.4. Experimental Realization and Reflectance Measurements

Following the GA-based optimization process, it is important to
experimental confirm the results of enhanced reflectance in our
optimized RML structures. In this work, we used Pulsed Laser
Deposition (PLD) to fabricate the GA-optimized RML and the ref-
erence periodic SL structures with a total thickness of 5 μm. The
details of the fabrication and characterization process are elab-
orated in Experimental Section, and the schematics of the two
structures are shown in Figure 7a,d. Figure 7b,e show the the
TEM images for the cross-section of the two structures, while the
EDS images are shown in Figure 7c,f. Both the deposited multi-
layer structures have smooth and well-defined interfaces, which

Adv. Optical Mater. 2024, 12, 2300610 2300610 (9 of 13) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 6. a) Reflectance of the ML-exlored 5μm thickness multilayer struc-
tures versus average layer thickness (blue crosses), with the optimized
RML shown by the triangle. The green lines shows the reflectance of pe-
riodic structures with the same thickness, and the circle shows the best
periodic superlattice with same mass ratio as the optimized RML. The re-
flectances of a Quarter Wavelength Multilayer and a Distributed Bragg Re-
flector (DBR) are shown for comparison. b) Reflectance of the ML-explored
multilayer structures versus the Degree of Randomness, for total thick-
nesses of 5 and 20 μm.

Table 1. Designed and Fabricated (exp.) thicknesses in μm of the optimized
RML and reference periodic SL

RML (design) 200 260 190 260 180 390 320 300 320 350 300 460 420 650 400

RML (exp.) 201 524 189 515 174 789 309 614 318 717 286 905 382 1291 376

SL (design) 291 381 291 381 291 381 291 381 291 381 291 381 291 381 291

SL (exp.) 227 363 229 369 229 362 229 380 246 383 246 387 236 383 270

is necessary for their optical performance. Table 1 shows the layer
thicknesses of the designed and fabricated RML and SL struc-
tures. We note that there are some deviations from the target layer
thicknesses due to the uncertainty of the fabrication process and
limitations of the equipment. We measured a total thickness of
4.5 μm for the periodic multilayer and a thickness of 7.5 μm in
the fabricated RML. Moreover, the XRD characterization shown
in Figure 7g indicates that both the structure are crystalline and

stable. It is noted that the film thicknesses are not exactly the
same as the predicted multilayer structures. This is due to the
processing challenges in using pulsed laser deposition method
for the multilayer growth. First, the growth rate is relatively low
which results in the very long depositions. To complete the en-
tire 5 μm film, 3 runs were applied for this deposition. Second,
because of the long runs, significant target surface modification
also results in the modified growth rates across the multiple runs
for the thick multilayer films. These also lead to the variation in
the final film thickness.

The transfer matrix method was used to calculate the re-
flectance of the fabricated multilayer structures. To understand
the impact of deviation from the target layer thicknesses in the
fabricated structures, we perform the calculation for two layer
thickness configurations in each case - the design thicknesses
(GA-generated layer thicknesses) and the fabricated thicknesses
(measured layer thicknesses of the fabricated structures). The
TMM simulated reflectance spectra of the two thickness config-
urations are shown in Figure 8a for the RML and Figure 8b for
the periodic SL. In both cases, the spectral reflectance for these
two thickness configurations were found to be very similar, im-
plying minimal impact of fabrication uncertainty related layer
thickness deviation. The simulated reflectance using fabricated
thickness for the RML shows a slightly higher reflectance for
longer wavelengths in Figure 8a, possibly due to large total thick-
ness and some large layers included in the system. On the other
hand, the simulated reflectance using fabricated thicknesses for
the periodic SL shows a slightly shifted location of the maximum
reflectance peak compared to the design thickness structure in
Figure 8b, which is due to the different average period in the fab-
ricated structure.

The above simulations are also compared with measure-
ments of reflectance spectra in UV–vis–NIR and FTIR spectrum.
Figure 8a,b demonstrate a good overall agreement between the
simulated and measured reflectance spectra for both multilayer
structures, with features such as the major peaks and valleys in
the simulated spectra being well-represented in the measured
data. Notably, we observe that in both the simulated and mea-
sured reflectance spectra, the single high reflectance peak in the
periodic SL is replaced by an overall broad-spectrum enhanced
reflectance in the RML structure. Once again, we observe a small
shift in the location of the maximum reflectance peak between
the simulated spectra using fabricated thicknesses and the mea-
sured spectra for the periodic SL in Figure 8b. This indicates a
further difference of average period thickness in the fabricated
structure, which can be explained by the fact that the PLD de-
posited structures show a variation in layer thicknesses from the
center to the edges of the structures. This leads to a shift in aver-
age period thickness that cannot be captured in our TMM simu-
lations. This deviation of the reflectance spectra due to non-ideal
layer thicknesses was previously also noted by Huang et al.[40].
Moreover, the presence of other non-ideal effects such as grain
boundaries, crystallinity, and defects in the fabricated structures
cause further mismatch of the simulated and experimental opti-
cal spectra.

To compare the performance between the two fabricated mul-
tilayer structures (optimized RML and SL), we calculate their to-
tal reflectance as shown in Figure 8c. The GA-optimized RML
shows a higher total reflectance compared to the periodic SL from
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Figure 7. Fabrication and characterization of the multilayers: a) Model of the periodic multilayer, b) Transmission electron microscopy (TEM) image
of the cross-section of fabricated periodic multilayer, c) Energy dispersive X-ray spectroscopy (EDS) of the periodic multilayer, d) Model of the random
multilayer, e) TEM image of the cross-section of fabricated optimized RML, f) EDS of the fabricated optimized RML, g) X-ray diffraction spectra of the
fabricated periodic and optimized RML.

Figure 8. Comparison between the simulated spectral reflectance of the multilayer structure with design thicknesses and the experimentally measured
spectral reflectance of the corresponding fabricated multilayer structure, for the a) periodic and b) random multilayer structures. The simulated spectral
reflectance of each structure with the fabricated thicknesses is also plotted for both cases. c) Comparison of the total reflectance of periodic and optimized
RML along with fabrication uncertainty.

both the simulated and measured data. In particular, we experi-
mentally obtain a total reflectance of 47.98% in the RML struc-
ture, which is 8% higher than the 40.09% reflectance measured
for the periodic SL. Such a large relative improvement of 20%
(from R = 40% to R = 48%), on a coating of only 5 μm thickness
is significant for thermal barrier coating design. This provides
an experimental demonstration of the success of our GA-based
optimization process. The measured reflectance shows only 5%
relative error to the designed reflectance of 50.64%.

We further analyze the causes of the error between designed
and measured reflectances. There are fabrication uncertainties
leading to deviation of layer thicknesses from the target, hence
we compare the total simulated reflectances of the design thick-

ness and fabricated thickness structures. As expected, the high-
est reflectance is obtained from TMM simulation for the GA-
optimized RML with ideal layer thicknesses, since it corresponds
to an ideal simulation for an RML with perfectly optimized layer
thicknesses. We achieve a total reflectance of 50.64%, compared
to the TMM simulation on the periodic SL with ideal layer thick-
nesses that shows a 42.26% total reflectance. Interestingly, the
layer thickness deviations in the fabricated structures causes op-
posite effects in the two cases, increasing the SL reflectance while
reducing the GA-optimized RML reflectance. This is because, any
addition of randomness in the periodic multilayer enhances the
photon localization effect, while any deviations from the ideal
thicknesses in the optimized RML structure takes it away from
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the global maxima found by the GA and leads to a lower re-
flectance. This also clearly indicates that it is the randomness in
layer thicknesses, not the larger total thickness, in the fabricated
structure aperiodic multilayer that enhances the total reflectance.
Therefore, we obtain a simulated total reflectance of 43.12% in
periodic SL with fabricated thickness (1% higher) and 49.79% in
the RML with fabricated thicknesses (1% lower). Such a small
change indicates that the optimization is robust against fabrica-
tion uncertainty, which is a benefit of our system. The further
differences between the simulated and measured reflectances us-
ing fabricated thicknesses may be attributed to other non-ideal
effects not captured in the simulation, such as interface quality,
surface roughness and center-to-edge thickness variation. Previ-
ous studies[41,42] have also shown that there is also uncertainty in
the optical constants of the fabricated layers.

4. Conclusion

In summary, we demonstrate a machine learning (ML) based
optimization method to discover CeO2-MgO random multilayer
(RML) structures with high reflectance for applications as high
temperature thermal barrier coatings (TBCs). The transfer matrix
method was used to evaluate the spectral reflectance of candidate
multilayer structures. We first use a manual search to demon-
strate the influence of RML design parameters on the reflectance,
such as the total thickness, average layer thickness, and degree
of randomness in layer thicknesses compared to a periodic su-
perlattice (SL). For the periodic SLs of different total thicknesses
from 1–50 μm, the presence of an optimum average layer thick-
ness was noticed at which the total reflectance at T = 1500K is
maximized, due to the overlap of a high reflectance “stop band”
within the spectral reflectance curve with the peak of the black-
body radiation spectrum. The influence of randomness in layer
thicknesses was found to lead to a broadband increase in spectral
reflectance due to the effect of photon localization. In order to ef-
ficiently scan the RML design space, a Genetic Algorithm (GA)
based optimization framework was developed to identify high re-
flectance RML structures with total thicknesses of 5, 10, 20, and
30 μm. The optimized RML structures were found to have total re-
flectivities of 59%, 73%, 85%, and 90%, respectively, which trans-
lates to an enhancement of 22%, 20%, 20%, and 10% over the
reflectance in randomly generated RMLs with same total thick-
ness. Surprisingly, all our GA-optimized RML structures show
the presence of an odd number of layers with a CeO2 layer at ei-
ther end, which deviates from the traditional way of designing
binary superlattices with paired layers. This occurs because the
unpaired CeO2 layer in the optimized RMLs provide a greater
contrast in refractive index with air, leading to a higher inter-
face reflectance. We also calculate the field intensity distribution
within the optimal and sub-optimal RML and reference SL struc-
tures to demonstrate the effect of photon localization. We then
used Pulsed Laser Deposition to fabricate the optimized RML
structure of 5 μm total thickness and a reference SL structure
of same total thickness and average period. The fabricated struc-
tures showed clean interfaces, good crystallinity and stability at
high temperatures, despite some deviation of layer thicknesses
observed from the target thicknesses. This confirms the robust-
ness of the machine learning approach. Optical reflectance mea-
surements were carried out for both the fabricated structures.

The fabricated RML shows a total reflectance of 48%, which is 8%
higher than that of the fabricated SL structure, thus demonstrat-
ing the success of our GA optimization framework. Our work
demonstrates an efficient and general purpose method for per-
forming ML-accelerated design optimization for target radiative
properties of nanostructures, along with experimental validation
of our simulation and optimization framework.
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