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A physics rule to design aperiodic width-
modulated waveguides for minimum phonon
transmission with Bayesian optimization

Antonios-Dimitrios Stefanou and Xanthippi Zianni = *

Aperiodic nano-waveguides (nWVGs) and superlattices (SLs) limit phonon transmission and heat conduc-

tion much more efficiently than periodic ones. They could block parasitic heat conduction that restricts

heat management and energy conversion at the nanoscale. Aperiodicity can be realized in multiple ways

and with variable degrees of complexity. Machine learning optimization of hetero-SLs for minimum

coherent phonon conduction showed optimal aperiodicity for moderate disorder against physics intui-

tion. Here, we report on optimal aperiodicity in width-modulated nWVGS for maximum disorder as

expected by physics. Optimizing aperiodic geometry modulation is particularly challenging due to the

enormous possible configurations. We set up a feasible optimization problem removing unnecessary

Received 26th June 2023,
Accepted 16th August 2023

DOI: 10.1039/d3nr03066k

rsc.li/nanoscale

1 Introduction

Heat transfer plays a critical role in the efficiency of many
applications such as high-power electronics, thermal insula-
tion, thermoelectric, and photovoltaic energy conversion. To
manipulate it requires controlling phonons and their trans-
port. The possibility of engineering phonons in low-dimen-
sional structures and superlattices of semiconductors stimu-
lated extensive research activity."® Quantum confinement and
periodicity modify bulk phonons and affect the thermal trans-
port properties of the material. The physics principle lies in
the wave nature of phonons. Phonon waves scattered at bound-
aries and interfaces interfere and their energy spectrum is
modified. Low-dimensional structures and periodic superlat-
tices (SLs) have been proposed to limit parasitic heat conduc-
tion and enhance thermoelectric energy conversion
efficiency.®® The progress of fabrication technology and
characterization techniques oriented the research interest to
more advanced metamaterials such as artificial periodic nano-
structures, the so-called ‘phononic crystals’,'*"* and geome-
try-modulated nano-waveguides (nWVGs)."? For the past two
decades, research outcomes support that these classes of
metamaterials are promising for breakthroughs in nanoscale
thermal management, insulation, waveguiding, and energy
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complexity and we demonstrate efficient Bayesian optimization. Our results confirm the predicted physics
rule that minimum thermal conductance occurs for the most disordered arrays of modulation units; the
degree of disorder being quantified by the number of non-identical modulation units. Our work opens a
route to design geometrical aperiodicity and control transmission across metamaterials.

conversion.'** Their good properties are attributed to coher-

ent phonon effects. Such effects are expected in nano-
structures with high-quality interfaces, boundaries, and
characteristic dimensions shorter than the dominant phonon
wavelength.>*”>® Coherent phonon transport has been con-
firmed in SLs, nanomeshes, holey nanobeams, and width-
modulated nWVGs at low temperatures.>®>° The signature of
coherent phonon transport up to room temperature has been
also supported by recent experiments.** > These findings call
for further investigation and make research on phonon trans-
mission across metamaterials timely.

Theoretical and experimental studies typically aimed to
decrease thermal conduction in periodic SLs.**™** Effects of
deviation from periodicity on electron and phonon transport
were first addressed in Fibonacci and Thue-Morse SLs in the
eighties.** The impact of aperiodicity on coherent heat con-
duction was addressed more recently in width-modulated
nWVGs."**" It was shown that coherent thermal transport was
greatly reduced in aperiodic arrays compared to the corres-
ponding periodic ones. The same behavior was found in aper-
iodic hetero-SLs.** In both types of structures, aperiodicity
(also referred to as disorder or randomness) in the modulation
profile enhances destructive interference and decreases
phonon transmission. Aperiodicity could thus play an impor-
tant role in heat management and energy conversion at the
nanoscale. It would be important to identify optimization
rules for minimum heat conduction. Evidence shows that this
is not trivial. Optimization of aperiodic hetero-SLs showed that
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coherent phonon conduction is minimized for moderate
rather than maximum disorder against physics intuition.**™*
Systematic investigation concluded that optimization could
not reveal the underlying physics rule in hetero-SLs.*” Notably,
a physics rule was indicated in width-modulated nWVGs by
the monotonic decrease of thermal conductance with increas-
ing disorder in aperiodic modulation profiles.*>*" Optimal
aperiodicity was predicted to occur for maximum disorder in
width-modulated nWVGs as expected by physics. This physics
rule was concluded based on selected calculations and intui-
tive analysis. Here, we validate it with calculations on full
populations of nWVGs and apply it to design aperiodic width-
modulated nWVGs with Bayesian optimization.

Optimization of aperiodicity could be addressed with the
aid of machine learning (ML) which has been successfully
used to design materials and nanostructures with optimal pro-
perties.’® In the last years, ML has been intensively used in the
design of thermal properties.”’>* It has been applied to opti-
mize coherent phonon transport in aperiodic hetero-SLs of
two constituent materials.**"*° ML has not been so far applied
to optimize aperiodic width-modulated nWVGs, although they
have been adequately investigated with the same compu-
tational physics techniques as hetero-SLs in the last decade.’®
Such optimization is very challenging because of the enor-
mous number of possible configurations.

Aperiodicity in the width modulation can be realized in
multiple ways and with variable complexity. This makes the
number of configurations so big that the optimization
problem seems impossible to tackle. We addressed this chal-
lenge by developing a methodology guided by physics experi-
ence from previous findings. We managed to set up a feasible
optimization problem using physics insight to reduce complex-
ity to the level required to address the physics problem. We

(a)
periodic & aperiodic
width-modulated
nanowaveguides
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selected the simplest yet representative sets of n(WVGs to opti-
mize and defined suitable descriptors for them. We demon-
strate efficient optimization which we validate by calculations
on the full sets of candidates. Phonon transmission and
thermal conductance are interpreted in terms of the under-
lying physics, phonon wave interference at width discontinu-
ities. The identified optimal aperiodic configurations are the
most extended arrays of non-identical modulation units in
agreement with the predicted physics rule. We confirm that
phonon transmission and thermal conductance are minimized
for maximum disorder in the aperiodic width-modulation
profile. The degree of disorder is quantified by the number of
non-identical modulation units. Comparison with optimized
aperiodic hetero-SLs shows that our findings although intui-
tive are not trivial. We support that geometric aperiodicity can
be unambiguously optimized according to a physics rule and
with a quantitative tool to design disorder.

2 System and methodology

We consider three-dimensional (3D) nWVGs (1D propagation
and 2D quantum confinement) with modulated width along
the direction of propagation (Fig. 1a). We adopt the simplest
representative geometry of the class of width-modulated
nWVGs."* The nWVGs consist of arrays of N layers of the same
material with variable widths. Each layer has a fixed length.
Layers are either wide (‘openings’) or thin (‘constrictions’).
Openings separated by constrictions form modulation units
referred to as quantum dots (QDs) (Fig. 1c). Wide leads are
assumed at the two endings of the width-modulated nWVGs.
As highlighted in Fig. 1c, QDs of variable size are formed in
the array of N layers with different widths. It is straightforward

overlap wire

1 dot

3 dots
- i
— "
non-periodic
\\\-._g_ otk C12-- amays
2 4 6 8

10of dots

(c)

Fig. 1 Width-modulated nWVGs and thermal conductance (a) schematics of width-modulated nWVGs of interest, (b) calculated thermal conduc-
tance of periodic and aperiodic nWVGs (adapted from ref. 40), and (c) reference aperiodic nWVGs modulated by non-identical modulation units
(@Ds). Examples of three QD sizes highlighted with dashed-line frames of different colors (grey, red, and blue).
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to determine the number of non-identical modulation units in
a configuration. This number provides a well-defined measure
of the degree of disorder of the configuration.

We know® that the decrease of the thermal conductance of
a modulated nWVG depends on the number and the sizes of
the QDs in the modulation profile and that thermal conduc-
tance is smaller for aperiodic modulation profiles (Fig. 1b).
The number of QDs in the modulation profile varies depend-
ing on the number N of layers and the array configuration. The
number N of layers needs to be fixed to set up the optimization
problem. We selected to optimize sets of n(WVGs with different
values of N in the range from 8 to 14, considering physics and
computational requirements as detailed below. The size of a
QD can vary by changing its width to one, two, or three dimen-
sions. Arbitrarily changing these widths would add enormous
though unnecessary complication (Fig. 1a). We avoided that by
varying the size of QDs changing only their length along the
nWVG axis and fixing their widths in the two lateral dimen-
sions (Fig. 1c). QDs of different sizes were formed for different
numbers of subsequent wide layers separated by subsequent
layers of constrictions. This enabled us to define binary
descriptors to represent the modulated nWVGs and efficiently
perform the optimization. Thermal conductance was calcu-
lated within elastic wave transmission theory*>>® as detailed in
ref. 40, 57 and 58. The effect of the length scale of disorder in
the width-modulation on the phonon wavelengths is taken
into account by the energy dependent transmission coefficient.
The transmission coefficient is calculated for the defined
modulation geometry for each wavelength. Phonons with
different wavelengths contribute to thermal conductance
according to phonon distribution at the actual temperature.
One should be aware that the spatial scale of disorder has dis-
tinct effects to phonon waves in the ballistic transport regime
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and to phonons treated as particles and transport dominated
by scattering effects.’® The dimensions and material properties
are continuous values parameters. Here, we refer to representa-
tive nWVGs shown in Fig. 1c. Calculations are shown for GaAs
nWVGs with layers of 10 nm constrictions and 100 nm
openings.

ML requires input descriptors that are digital represen-
tations of the nWVGs. The choice of the descriptor is impor-
tant for successful ML optimization. We used binary flag
numbers that represent aperiodic arrays of QDs and constric-
tions according to our system described above. We denote con-
striction layers with the binary flag ‘0’ and opening layers with
the binary flag ‘1’ (Fig. 2). A QD is formed by a sequence of ‘1s’
surrounded by ‘0’ layers at opposite endings. QDs of different
sizes are formed by different numbers of subsequent layers ‘1’.
Similarly, constrictions with different lengths are formed by
different numbers of subsequent layers ‘0’. Following this
scheme, the descriptor for a periodic SL with N = 14 layers
would be 01010101010101. An example of a descriptor for an
aperiodic SL with 14 would be the
01110100101111.

The ML optimization is performed using the open-source
Bayesian optimization library COMBO,* which was previously
tested for optimizations in various energy transport
problems.**™*> The Bayesian optimization employs Gaussian
processes that are suitable for black-box optimizations. The
objective function is the value of the thermal conductance.
The ML algorithm is integrated with the property calculator in
a closed-loop iterative optimization (Fig. 2). At the beginning
of the process, thermal conductance is calculated for n candi-
dates that have been selected randomly. Then, the next one to
calculate is chosen. The goal is to train the Bayesian optimiz-
ation process to find the candidate with minimum thermal
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Fig. 2 Flowchart of the optimization methodology. Aperiodicity optimization for minimum coherent phonon heat conduction is achieved by coup-
ling Bayesian optimization and physics property calculator in an iterative loop.
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conductance using a small number of training candidates as
possible. This number upon convergence determines the
efficiency of the optimization. A Bayesian regression function
is learned from n pairs of descriptors and the corresponding
calculated values of thermal conductance. A Gaussian process
provides a Bayesian posterior probability distribution that
describes the potential thermal conductance values for each of
the remaining candidates. The best candidates are chosen
based on the expected improvement criterion of the acqui-
sition function. Next, the exact thermal conductance value is
calculated for the chosen candidate and is added to the train-
ing set. The procedure is repeated until convergence to the
candidate with minimum thermal conductance is achieved.
This is the nWVG with the optimal modulation profile.

3 Results and discussion

We set up our optimization problem based on the findings of
a previous theoretical study on coherent phonon transport in
width-modulated nWVGs*® that are summarized in Fig. 1b. A
significant decrease of the thermal conductance below the
uniform overlapping and core nWVGs values is shown even for
a low modulation degree of a few modulation units (QDs). The
thermal conductance decreases with an increasing number of
identical QDs reaching a limit for the periodic superlattice
(p-SL) configuration. Increasing the number of identical QDs in
the modulation profile beyond this number does not decrease
any further the thermal conductance. The p-SL value is
approached for a small number of identical QDs: three QDs
were sufficient approximation, while the infinite p-SL-limit was
reached for five QDs. It was revealed that thermal conductance
decreases below the p-SL value for aperiodic arrays of non-iden-
tical modulation units, QDs. It was shown a monotonic decrease
of thermal conductance with an increasing degree of modu-
lation in more disordered arrays of non-identical QDs.***!
Based on the above findings, we selected three sets of
nWVGs with different numbers of layers N to perform the
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optimization (Table 1): (a) nWVG-8 with N = 8 layers and three
QD p-SL, (b) nWVG-12 with N = 12 layers and five QD p-SL and
(c) nWVG-14 with N = 14 layers with six QD p-SL. We aimed to
optimize aperiodicity, and we used the periodic structure, the
p-SL, as our reference. We fixed the modulation composition
to 50% QDs as in the p-SL for which the number of constric-
tion layers is the same as the number of opening layers.
Translating this constraint into our digital descriptor notation
would mean that the number of ‘0s’ is equal to the number of
‘1s’ in all arrays. The descriptors of the p-SLs for the three sets
of nWVGs are 10101010 (N = 8), 101010101010 (N = 12), and
10101010101010 (N = 14). Under the constraint, the total
number of candidates (2") 256, 4096, and 16 384 reduces to 70,
924, and 3432 for N = 8, 12 and 14 respectively. With that, the
computational load was affordable, and we calculated the
thermal conductance of all candidates of the reduced sets of
nWVGs to validate and evaluate the Bayesian optimization.
The results of the optimization are listed in Table 1. The
descriptors of the optimal configurations for the three sets of
nWVGs are accompanied by the corresponding modulation
profiles. The descriptors are 00111010 (N = 8), 010011101100
(N =12), and 00110100101110 (N = 14). They all denote aperio-
dic configurations. The optimal configurations are aperiodic
for the three sets of nWVGs, as expected by physics. Even more
importantly, they are arrays of the non-identical QDs 010,
0110, and 01110 as predicted.* Fig. 3 plots the thermal con-
ductance versus temperature for the three optimal nWVGs.
Temperature is kept at low values, below 10 K, so that coher-
ence effects are not screened by scattering or thermal broaden-
ing effects.”*>>*° The thermal conductance is expressed rela-
tive to the p-SL value. It is smaller than 1 for all three sets of
nWVGs in the whole temperature range. This was to be
expected because aperiodic configurations have smaller
thermal conductance than periodic ones (Fig. 1b). The optimal
aperiodic nWVGs have significantly lower thermal conduc-
tance than the p-SL. Their relative thermal conductance ranges
from 0.3 to 0.6 at T = 2 K and from 0.5 to 0.8 at T = 10 K.
Among the three optimal nWVGs, the one with N = 14 shows

Table 1 Results of the Bayesian optimization. Periodic and optimal aperiodic configurations for three sets of nWVGs with number of layers N = 8,

12, and 14
8 70
10101010 00111010
12 924
101010101010 010011101100
14 3432
10101010101010 00110100101110
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Fig. 3 Temperature dependence of thermal conductance of the optimal nWVGs. The thermal conductance of the optimal aperiodic nWVGs is sig-
nificantly lower than the p-SL value in the whole temperature range. The lowest thermal conductance is for the most extended array of non-identi-

cal QDs.

the maximum decrease of thermal conductance which is
30-50% of the p-SL value depending on temperature. This is
because it is the longest optimal nWVG and thus the most
extended array of non-identical QDs. It is the aperiodic con-
figuration with the highest degree of disorder and the
minimum thermal conductance in agreement with the physics
prediction. This holds in the whole temperature range as
temperature only affects quantitatively thermal conductance
through thermal broadening of wave effects on transport. It is
also interesting to notice that the optimal aperiodic configur-
ation is not the one with maximum interfacial density. The
p-SL has maximum interfacial density and higher thermal con-
ductance than the optimal aperiodic configuration.

Bayesian optimization identified the aperiodic configur-
ation with the minimum thermal conductance out of a vast
pool of aperiodic candidates for each set of nWVGs. The
optimal configurations are arrays of the maximum number of
non-identical QDs, ie., with the modulation profile’s
maximum disorder (note: ‘maximum disorder’ is in this defi-
nition finite and well-defined for each N and should not be
confused with maximum disorder for infinitely large systems).
This finding is not trivial as makes evident the comparison
with findings in aperiodic hetero-SLs presented below. It
agrees with the physics rule predicted based on selective calcu-
lations in an intuitive physics analysis.*>*' The physics rule,
validated here by extensive calculations and Bayesian optimiz-
ation, can serve as a quantitative design tool for the optimal
set of non-identical modulation units. Bayesian optimization
identifies the optimal array out of several possible combi-
nations of the optimal set of non-identical QDs for each N.
The optimization process is very efficient (Fig. 4). The optimal
configuration is identified after optimization experiments with

This journal is © The Royal Society of Chemistry 2023

a small percentage of candidates in the 3-10% range.
Representative results are shown in Fig. 4 for N = 14 which is
the set with the largest population (3432 candidates). The
optimal configuration was searched in multiple tests with
rounds of 10-20 candidates starting with different initial
choices of random candidates. The same optimal configur-
ations were always detected. There was a dispersion in the con-
vergence time for the various optimization experiments.
Analysis showed that this dispersion is due to that the optimal
can be approached through different paths. Two such paths
with different convergence times are shown in Fig. 4. The
optimization evolution paths consist of different sequences of
candidates. Notably, the candidates of the different sequences
have a common feature: they are all arrays of the same set of
non-identical QDs. In all paths, the optimization process
identifies the optimal set of non-identical QDs after just a
small percentage of initial trial candidates and proceeds by
searching the optimal configuration among permutations of
these QDs until it converges to the optimal one.

The Bayesian optimization was validated by calculating the
thermal conductance of all candidates for the three sets of
nWVGs. The distribution of the thermal conductance among
the candidates is shown in Fig. 5 for the three modulation
lengths N = 8, 12 and 14. The corresponding histograms have
been constructed for a fixed number of zones between the
maximum and minimum values of thermal conductance. In
all cases, there is a maximum and a minimum thermal con-
ductance. This confirms that the problem is suitable for
Bayesian optimization. The maximum thermal conductance
corresponds to the single constriction configuration: 11000011
for N = 8, 111000000111 for N = 12, and 111110000000111 for
N =14. The corresponding profiles are shown in Fig. 5 together

Nanoscale, 2023, 15, 16571-16580 | 16575
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Fig. 5 Calculated distribution histograms. The distribution of the calculated thermal conductance among the candidates is shown in histograms
constructed for a fixed number of zones between the maximum and minimum values of thermal conductance for each set of nWVGs. The profiles
of the single constriction modulated nWVGs with maximum thermal conductance are shown together with the profiles of the corresponding peri-

odic SLs and the optimal aperiodic NnWVGs.

with the profiles of the periodic SLs and the optimal aperiodic
nWVGs. Characteristic features of the distribution can be
clearly distinguished in the three histograms. The distribution
is sparse for N = 8 because the number of candidates is small
(70). It becomes clearer for N = 12 with 924 candidates and
clear for N = 14 with 3432 candidates. In all cases, there is a
gap between the maximum thermal conductance corres-
ponding to the single-constriction modulation and the
thermal conductance of candidates modulated by one or more
QDs. The distribution of QD-modulated candidates shows a
tail, a peak, and a sharp low-edge threshold. The tail com-
prises configurations deviating from the p-SL in the number of
identical QDs in their profile. As the number of non-identical
modulation QDs increases, the thermal conductance decreases
below that of the p-SL. The peak of the envelope corresponds
to configurations with identical and non-identical QDs in their
profile. The occurrence of a peak denotes the vast number of

16576 | Nanoscale, 2023, 15, 16571-16580

permutations of identical and non-identical QDs with similar
thermal conductance. Configurations of non-identical QDs
have thermal conductance in the lower part of the distribution.
The number of combinations of non-identical QDs is smaller
and the distribution drops rapidly after the peak towards the
low-edge threshold. The process rapidly converges to configur-
ations within this part of the distribution and identifies the
one with the minimum thermal conductance, as the optimal
one. The existence of an optimal configuration relies on the
physics mechanism, namely quantum interference. The trans-
mission coefficients of different configurations with the same
degree of disorder show different energy fluctuation patterns
and thus they have different thermal conductances that are
ordered. This effect is related to wave phase matching at geo-
metrical discontinuities, it is purely geometrical and takes
place irrespectively of the total mass of the configuration. The
optimal calculated configurations are shown in Fig. 5 for the

This journal is © The Royal Society of Chemistry 2023
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three sets of nWVGs. Each of them is degenerate to its reverse.
In all cases, the optimal configurations identified by the
Bayesian optimization was the one with the minimum calcu-
lated thermal conductance. This validates the Bayesian
optimization.

Additional insight into the optimization process and the
optimization rule can be gained in terms of the transmission
coefficient. The energy dependence of the transmission coeffi-
cient of width-modulated nWVGs shows characteristic wave
interference fluctuations. Fluctuations are due to destructive
interference at width-discontinuities that decrease the trans-
mission probability of phonon waves. The transmission coeffi-
cient of a uniform nWVG has a staircase structure where a new
step of height 1 enters for each additional subband. The step-
like structure is shown to be gradually distorted with increas-
ing disorder and is completely lost in the case of the optimal
configuration with maximum disorder. Fig. 6a shows the trans-
mission coefficient for a single constriction modulation, the
periodic SL, and the optimal aperiodic nWVG. Even a single
constriction significantly restricts the propagation of phonon
waves. The perfect steps of the transmission coefficient of the
uniform nWVG are distorted by fluctuations throughout the
energy spectrum. As a result, thermal conductance decreases
significantly below that of the uniform nWVG (Fig. 6b). The
decrease is dominated by destructive interference at the two
sides of the constriction, and it is comparable for the three
lengths N. Destructive interference gets more extended for per-
iodic modulation by a sequence of identical QDs. The step-like
subband structure of the uniform nWVG is replaced by propa-
gation subbands separated by propagation gaps that are
formed in the presence of periodicity. The overall transmission
probability decreases, and the thermal conductance of the
p-SL is significantly lower than in the uniform nWVG. The
thermal conductance decreases rapidly with an increasing
number of QDs reaching the infinite p-SL limit for about five
QDs. The thermal conductance of the periodic array of three
QDs (N = 8) is larger than that of the periodic array of five QDS
(N = 12) (Fig. 6b). The thermal conductance of the periodic
array of six QDs (N = 14) is identical to that of five QDS (N =

transmission coefficient

energy (meV)
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12). The low limit of the infinite p-SL thermal conductance is
reached for N = 12. In the presence of aperiodicity, the SL
propagation bands shrink and the transmission coefficient
decreases. This explains that the thermal conductance of the
optimal aperiodic nWVGs is smaller than that of the p-SL.
Remarkably, the thermal conductance of the optimal aperiodic
nWVGs decreases for increasing N. This is because destructive
interference is more significant for more extended aperiodi-
city. The decrease occurs gradually with an increasing degree
of disorder in longer arrays of non-identical QDs. The optimal
aperiodic configuration with the longest extent and the
highest modulation degree is for N = 14 and has the global
minimum thermal conductance. It becomes evident that the
validity of the physics optimization rule lies in the underlying
physics, the dominance of quantum interference in decreasing
thermal conductance.

According to the physics rule coherent phonon trans-
mission and thermal conductance are minimized for the
maximum degree of disorder in the modulation profile, i.e. for
maximum number of non-identical modulation units, QDs in
width-modulated nWVGs or layer thicknesses in SLs. This
dependence although intuitive is not trivial as shows a com-
parison with findings on hetero-SLs. Optimization of aperiodic
hetero-SLs showed minimum coherent phonon conduction for
a moderate disorder rather than for the maximum. This con-
clusion is supported by different studies based on atomistic
calculations, atomistic Green’s function (AGF), non-equili-
brium Green’s function (NEGF), molecular dynamics, and
different machine learning optimization techniques such as
Bayesian optimization,**™*® genetic algorithms,***”*° Monte
Carlo tree search® and pattern analysis.”® Table 2 compares
optimal width-modulated nWVGs and hetero-SLs of the same
number of unit multilayers and makes evident that nWVGs are
optimized by maximum disorder as expected by the underlying
physics whereas hetero-SLs are optimized by moderate dis-
order against physics intuition.®*® The unexpected behavior
found in hetero-SLs was attributed to thermal boundary resis-
tance”® and interface thermal resistance.*® The optimal moder-
ate disorder was not quantified explicitly. It was concluded

0.20
modulation length (b)
----- 8 layers
- - -12layers
(<]
z 0154 —— 14 layers
E
S S single constriction
< 0101
£
E . periodic SL
?g 0.05 o
™ |
0.00 T T T T T T
2 4 6 8 10 12 14

temperature (K)

Fig. 6 The underlying physics. (a) The energy dependence of the transmission coefficient for single-constriction- (grey), periodic- (green), and
optimal aperiodic (orange) modulations. (b) The corresponding thermal conductance of modulated nWVGs relative to the uniform nWVGs for the

three sets of NWVGs with N = 8, 12, and 14.
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Table 2 Comparison between optimal width-modulated nWVGs and optimal hetero-SLs

8 00111010 @ 2 11000101 ) 2
10101101 (@ 2
12 010011101100 (@ 3 101100100101 ®) 2
101011100101 ©@ 2
14 00110100101110 @ 3 11011000101001 ®) 2
10011011001011 © 2
16 1100010010110101 ) 2
1011101001101101 (© 3
1001010101101101 @ 2
Optimal for maximum disorder Optimal for moderate disorder

“Width-modulated nWVGs in the present work (Fig. 1c). ” Si-Ge SLs.*® ° Si-Ge SLs.*® ¢ GaAs-AlAs SLs.** The degree of disorder is quantified by
the number of non-identical modulation units, QDs (nWVGs), or layer thicknesses (SLs). Maximum disorder optimizes width-modulated nWVGs.

Moderate disorder optimizes hetero-SLs.

that even though ML can help to predict thermal conductance,
it cannot explicitly reveal the underlying physics.*” It was pro-
posed to guess the optimal aperiodic configuration with
pattern analysis based on a statistical analysis of configur-
ations.*” Optimal aperiodic hetero-SL configurations were
though not unambiguously determined as different studies
found different optimal configurations for the same type of
hetero-SLs (Table 2). Importantly, our work reveals geometry-
modulated nWVGs as a class of aperiodic metamaterials where
optimal disorder can be unambiguously determined as the
maximum disorder, the disorder being quantified by the
number of non-identical modulation units.

4 Overview and concluding remarks

We reported on optimization of aperiodicity in width-modu-
lated nWVGs for minimum phonon transmission with calcu-
lations and Bayesian optimization. Our work contributes to
the current effort of the research community to progress
beyond ‘that disorder is good at reducing thermal conduction’
and understanding and quantifying the effects of disorder/
aperiodicity on nanoscale heat transfer. Non-trivial, against
physics intuition, results have already been revealed. Our work
provides new insight that could contribute to understanding
the non-trivial role of disorder in non-uniform nanostructures.

We addressed the problem of optimizing aperiodicity in
width-modulated nWVGs for minimum phonon transmission

16578 | Nanoscale, 2023, 15, 16571-16580

and thermal conductance. This was particularly challenging
because of the enormous number of possible realizations of
geometrical aperiodicity. We detailed how we set up a feasible
optimization problem guided by experience from previous
findings to apply physics arguments to remove unnecessary
complexity in the modulation profile and efficiently tackle the
problem. We defined suitable descriptors and selected repre-
sentative sets of nWVGs to perform the optimization. The
optimal configurations were efficiently identified with the
developed methodology and were validated with calculations
on the full populations. Optimal aperiodicity has been inter-
preted in terms of a predicted physics rule. Our outcomes
confirm that the optimal width-modulated nWVGs are aperio-
dic arrays with the maximum disorder, the disorder being
quantified by the number of non-identical modulation units
(QDs). The validated physics rule serves as a quantitative tool
to unambiguously design the optimal set of non-identical
modulation units. Bayesian optimization identifies the
optimal combination of this set for each N. Our work indicates
a new route to control transmission across metamaterials
designing geometrical aperiodicity.
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