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TOPICAL REVIEW — Phononics and phonon engineering

Tuning thermal transport via phonon localization in nanostructures”
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(Received 22 July 2020; revised manuscript received 9 September 2020; accepted manuscript online 14 September 2020)

Localization, one of the basic phenomena for wave transport, has been demonstrated to be an effective strategy to
manipulate electronic, photonic, and acoustic properties of materials. Due to the wave nature of phonons, the tuning of
thermal properties through phonon localization would also be expected, which is beneficial to many applications such as
thermoelectrics, electronics, and phononics. With the development of nanotechnology, nanostructures with characteristic
length about ten nanometers can give rise to phonon localization, which has attracted considerable attention in recent years.
This review aims to summarize recent advances with theoretical, simulative, and experimental studies toward understanding,
prediction, and utilization of phonon localization in disordered nanostructures, focuses on the effect of phonon localization
on thermal conductivity. Based on previous researches, perspectives regarding further researches to clarify this hectic-
investigated and immature topic and its exact effect on thermal transport are given.

Keywords: thermal conductivity, phonon localization, nanostructure

PACS: 65.80.—g, 63.22.—m, 63.50.—x, 63.20.Pw

1. Introduction

Wave (coherent) and particle (incoherent) transport are
two of the most basic properties for physical entities, such as
electrons, photons, and phonons, which directly determine the
properties, ranging from electronic, optical to thermal, of ma-
terials. For coherent transport, the phase information of energy
carriers must be considered, which can give rise to interfer-
ence. One of the most attractive phenomena is the multiple
scattering of waves by disorders,[!! which can bring transport
to a complete halt.[>®! This phenomenon, named Anderson
localization, was first proposed by Phillip Anderson when in-
vestigating the coherent transport of electrons through crystals
with a random potential.['! The localization of electron can
result in a metal—insulator transition.!!! As the electron local-
ization originates from the interference of multiple scatterings
of electronic waves, Anderson localization is expected to be
ubiquitous in coherent transport. Later, Anderson localization
has been demonstrated for photon>*! and acoustic waves!>-¢]
by both theoretical and experimental studies in low- and high-
dimensional systems. "]

Phonons are quantized vibration modes in materials,
which are the main heat carrier in semiconductors and
insulators.® During the past decades, thermal engineering
by manipulating the phonon transport has attracted great at-
tention due to the low efficiency of energy utilization and
rapid increase in power density of microelectronics.®~'?) On

DOI: 10.1088/1674-1056/abb7fa

one hand, thermoelectric devices can convert heat into elec-
tricity directly, which are expected to reutilize waste heat
and enhance the efficiency of energy utilization.['3!7] An
effective way to enhance the efficiency of thermoelectric

devicesl!1418-25

l'is reducing lattice thermal conductivity while
keeping the electric properties of the materials the same. On
the other hand, heat dissipation becomes one of the critical
factors that limit the further development of microelectronic
devices,?>%7] which lies in the decreasing of the interface ther-
mal resistance (Kapitza resistance)!?®* and exploring mate-
rials with high thermal conductivity. *>-371 What is more, elec-

[3843] thermal

tronic similar devices, such as thermal diode,
transistor, %1 and thermal logic gates,[SO] enable the con-
structive control of heat flow.!>!! Phononics would therefore
lead to abundant application of heat.[>!-32!

Owing to the progress of nanotechnology, materials can
be fabricated with nanoscale precision in morphology and
composite. >3] Comparing with macroscale thermal transport
in traditional bulk materials governed by the Fourier’s law,
thermal transport in nanostructures can be hugely changed due
to the modulation of phonon relaxation time and group ve-
locity in different ways.[?21:3-68] Generally, the exercised ap-
proaches to control phonon transport through nanostructures
are based on coherent and incoherent nature of phonons, or
a combination of both two. Over the past decades, most of
the commonly adopted approaches, such as diffusive inter-

54,69-71

face/surface scattering,! I defects scattering,!”>7#1 and
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high-order phonon scattering,[’>7%! are mainly based on the
phonon incoherent picture. This is because the characteristic
scale of nanostructure should be on the order of phonon wave-
length, which is about 1-10 nm at room temperature.!”’-’8]
In addition, boundaries of nanostructures should be smooth
enough to maintain the phase information of phonon.!7%:80]
These pose great difficulties for materials fabrication and ex-
periment measurement. Thus, tuning phonon transport via its
coherent nature is challenging.

thermal

Since the investigating of

[55,56,81-83

transport in
1 phonon coherent transport becomes
It is found that band-folding
by periodic phononic crystals (PnCs)[>!3401 and reso-

superlattice,
an active area of research.

nance hybridization by nanopillars?%-38-61.91-93] or embedded

nanoparticles!*+-!

via phonon interference can effectively
modulate the thermal conductivity. Since the Anderson local-
ization is essence a wave effect,[!] which should also occur in
phonons. During the past decade, more and more researchers
have focused on phonon localization, and found that large
reduction of thermal conductivity can be achieved. A lot
of reviews have been published on the topic of band-folding
based periodic PnC!788097] and resonance hybridization based

98] few have been focused on phonon localiza-

metamaterials,
tion. Considering phonon localization as an emerging topic,
it is necessary to review the present progress, and provide an
outlook for further work.

In this review, the recent progress and understanding on
phonon localization are summarized. In Section 2, a brief out-
line about the coherent nature of phonons is given. In Sec-
tions 3-5, recent studies about phonon localization by sur-
face morphology, disorder of impurities, and secondary arti-
ficial periodicity in PnC are summarized, which focus on the
change of thermal conductivity. In Section 6, the conclusions
are given, and brief perspectives on the challenges and outlook
are presented.

2. The coherent nature of phonon

As mentioned above, the coherent nature of phonon
works only when the characteristic scale of a nanostruc-
ture is on the order of phonon wavelength, which is much
smaller than the phonon mean free path.!!!6%%1 In the early
years, due to the limitation of nanotechnology, the charac-
teristic scale of the nanostructure is only on the order of the
phonon mean free path.!'°’! Thus, phonon transport cannot
be tuned by its coherent nature. The change in thermal con-
ductivity of nanostructures can be well explained by the in-
coherent nature of phonon through involving diffuse scatter-
ing of boundaries or interfaces.!-!%-77:81861 Tn 2000, Mahan
et al. investigated the thermal conductivity of superlattice
on the assumption of coherent phonon transport, and found
a minimum thermal conductivity with the varying periodic

length.[33 The findings attracted great attention!®?! due to the
potential application of superlattice on thermoelectrics.!!*83]
Later, the results were demonstrated by molecular dynamics

simulation [84-101.102

I'and experiment.>% In 2012, the coherent
nature of phonons was experimentally confirmed.!””]
To verify the coherent nature of phonon, Luckyanova

et al.l

investigated thermal transport in AlAs/GaAs su-
perlattice (Fig. 1(a)) through time-domain thermoreflectance
method by increasing the number of periods while the periodic
length is fixed. In AlAs/GaAs superlattice, if the phonons are
diffusively scattered, they will lose phase information, and in-
coherently transport. In this case, the phonon mean free path is
limited by each period, and the thermal conductivity will keep
constant as the number of periods increases due to diffusive
transport. However, if the interfaces do not destroy the phase
information of phonons, the superlattice can be treated as a ho-
mogeneous material. Due to the size effect,!%>-%3) the thermal
conductivity will linearly increase with the increasing num-
ber of periods. As shown in Fig. 1(b), the measured thermal
conductivity of the AlAs/GaAs superlattice linearly increases
below 150 K when the number of periods increases from 1 to
9. This is an evidence of phonon coherent transport. From
250 K to 296 K, the dependence of the thermal conductivity
on the number of periods deviates from the linear relationship.

5,991 which have

This is because more high frequency phonon
short wavelengths, take part in the thermal transport and show

incoherent nature.

o N B OO ©® O N B

Thermal conductivity (W/m-K)

Number of periods

Fig. 1. (a) Transmission electron microscope image of AlAs/GaAs superlat-
tice. (b) The dependence of thermal conductivity of AlAs/GaAs superlattice
on number of periods. Reproduced with permission from Ref. [79].

In order to understand the coherent nature of phonons,
an important parameter, phonon coherence length, needs to be
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clarified. The phonon coherence length measures the distance
that a phonon can travel while still keeping a specified degree
of phase information. Latour ef al. proposed that the coher-
ence of phonons depends on the spatial correlations of atomic
fluctuations (shown in Fig. 2).[°! Thus, the spatial phonon co-

herence length can be defined as!*’!

Yo Ckaz, @) (kAz)? <z§f‘01 IC(kAz, a))|2kAz>2
1 - )
Yoo ClkAz, o) o Ckaz, o)

1=

(1)
where N and Az are the cell number and lattice parameter in
e| direction (shown in Fig. 2(a)), respectively. C(kAz, @) is the
cross correlation function which can be calculated as!®!

N~k

Z H(Z[,Zi+k71 5 (1))7 (2)
i=1

C(kAz, 0) =
(kAz, ) N

W<ZI’n7Znaw)
[W(Zmyzm» w)]l/z[W(ZnaZm w)]1/2 .

Here U(zm,zn, @) is the two-point (z;,z,) cross spectral den-

3)

I»L(Zrmzruw) =

sity function, which can be obtained by taking Fourier trans-
formation of mutual coherent function I'*f(z,,,z,,7) that is
defined as!®”!

Faﬁ (Zm7ZI’H T)
| NC NC

_ Y.,V OC 07

= kBTNLl 1] Iy m,mj<v ( t+r)>
><5[(r —r) el1]5[(ro—r0) e1s]
Xa[(}”i ~e||—zm]5[(rj-eH — Zu). 4)

Here m, v, and r are the atomic mass, group velocity, and po-
sition, respectively. ¥ and i are the atomic and cell numbers,
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Fig. 2. (a) The schematic diagram for the extension of a wave packet on
the z direction. (b) The frequency dependent phonon coherence length
of argon. Reproduced with permission from Ref. [99].

respectively. The phonon coherence length of argon calculated
by this method is shown in Fig. 2(b). Obviously, the phonon
coherence length decreases as the frequency increases. Thus,
low frequency phonons will be more likely to show coherent
nature. At low temperatures, the thermal conductivity is only
contributed by low frequency phonons, it will be more easier
to observe the coherent nature of phonons. That is why, the
coherent nature of phonon was only observed by Luckyanova
et al."’! in experiment at low temperature.

3. Phonon localization by surface morphology

The nanowires, especially silicon nanowire (SiNW), have
attracted great attention because of their excellent physi-
cal and chemical properties, which show huge potential in

[103,104] 105] and

the applications of electronics, biosensors, !
photovoltaics.[19197] Tn 1999, through molecular dynamics
simulation, Volz et al. predicted that the thermal conductiv-
ity of SINW is about two orders of magnitude lower than that
of bulk silicon due to boundary scattering.>* Later, the find-
ings were demonstrated by Li ef al. through thermal bridge
method.!%! This indicates that SINW is a good candidate for
thermoelectric application.!'®! Since the reduction of thermal
conductivity in SINW is due to surface scattering, 108! re
searchers found that the increase of surface roughness can fur-
ther reduce its thermal conductivity.!!819%-1101 However, for
the early researches, surface scattering was purely attributed
to the phonon incoherent effect. The results by assuming
diffusive boundary scattering based on the incoherent nature
of phonons, 191111131 have good agreement with experiment
results for SINW with large cross section area.!!%%!13] How-
ever for SINW with small cross section area, deviations occur
between results from simulation and experiment.!!%%!13] This
discrepancy simulates researchers to investigate the effect of
phonon coherent transport.

A lot of researches have revealed that coherent phonon
scattering by rough boundaries can hugely decrease the ther-
mal conductivity of SINW.I''4-1191 Through simultaneously
manipulating the amplitude and correlation length of rough-
ness, thermal conductivity of SINW can even be much lower
than the Casimir limit,[!!7] which is the low limit of incoherent
transport by assuming completely diffuse phonon scattering.
In the cases when the phonon coherent effect dominates the
thermal transport, phonon localization is expected. Through
Landauer formalism and DMPK (named for Dorokhov, Mello,
Pereyra, and Kumar) model,!'?>!?!] Murphy et al. found
that phonon localization plays an important role in the ther-
mal transport for nanowires with strongly disordered surfaces
when the diameter is less than 20 nm.!!!# The theoretical re-
sults here are in accordance with previous results from sim-
ulation and experiment. As shown in Fig. 3, when phonon

localization is taken into account, the transmission functions
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for middle and high frequency phonons are much smaller than
those without localization. This is because the low frequency
phonons have long localization length, which are hard to be lo-
calized. As a result, the thermal conductance is effectively re-
duced except at ultra-low temperature where the thermal con-
ductivity is mainly contributed by low frequency phonons due
to the Bose—Einstein distribution function. When the temper-
ature increases, the difference becomes larger. However, this
does not imply that phonon localization can be obvious at high
temperature. Here, Murphy et al. assumed only coherent na-
ture of phonons, which is just related to phonon transport at
low temperatures.

12} (a)
 — IBM.
N
0.8
; 0.6 d=20nm (without' LOC)
0.4
0.2
0 0.1 0.2 0.3 0.4 0.5
w/wp
1
038 (b) d=20nm (without LOC)
1BM
06
=)
G]
0.4
nm (with LOC)
0.2
0 0.05 0.1 0.15 02 025

T/Tp

Fig. 3. (a) Frequency dependent transmission function and (b) temper-
ature dependent thermal conductance for a surface-disorder nanowire
with and without localization (LOC). “1BM” refers to one ballistic
mode. Reproduced with permission from Ref. [114].

To investigate phonon localization at room temperature,
Donadio et al. adopted the molecular dynamics simulation,
lattice dynamics, and Boltzman transport equation./!'! It is
found that, in SINW with amorphous boundaries, only high
frequency phonons with frequency larger than 530 cm™! are
localized. As the thermal conductivity of SINW is mainly con-
tributed by phonons with low and middle frequencies.!!!3113]
The localization of these high frequency phonons has marginal

H15.116] The reduction of

effect on the thermal conductivity.
thermal conductivity for SINW is due to the decreased relax-
ation time of propagating phonons and the presence of non-
propagating modes. By analyzing the polarization vectors and
group velocity, it is found that phonons with frequency be-
tween 70 cm ™! and 530 cm~! show the extended, nonprop-
agating characteristic. Further analyzing by Sadhu ef al. in-
dicates that this kind of phonons as localized modes, how-
ever, have a small spatial extension and can still propagate

S.“ 17,122

particlelike between scatter: 1 The contribution of these

phonons to the thermal conductivity is small due to their ultra-
low group velocity. Except in nanowires, Wang ef al. investi-
gated phonon localization in another kind of one-dimensional
structures, graphene nanoribbons. '3 It is found that the ther-
mal conductivity of graphene nanoribbon with zigzag edges is
much higher than that with armchair edges. This difference in
thermal conductivity decreases as the temperature increases,
and cannot be explained by the roughness scattering theory.
After further analyses on the normalized cumulative thermal
conductance of phonon wave length and participation ratio,
Wang et al. indicated that this difference in thermal conduc-
tivity is not induced by edge roughness scattering, but strong
phonon localization near and at the edges.

To induce phonon localization at low frequencies and ef-
fectively tune the thermal conductivity, Chen et al. proposed

[124,125

another localization mechanism. ! Instead of introduc-

ing disordered boundaries, Chen et al. introduced crystal
atomic coating on the surface of nanowire to form the core—
shell structure (shown in Fig. 4(a)). Due to the structure
confinement in the transverse direction, oscillations appear
for transverse modes, which is similar to the standing waves.
These oscillations do not propagate in the longitudinal direc-
tion, and their eigen-frequencies can be calculated through the
elastic medium theory. As a result, multiple oscillation peaks
can be observed in the frequency space for Ge/Si core—shell
NWs. This can be demonstrated in Fig. 4(b) by that the heat
current autocorrelation function (HCACF) of SiNWs decays to
zero for enough long time, while the HCACF of Ge/Si core—
shell NWs oscillates periodically around zero finally. As the
sound velocities of Ge and Si are different, atoms near the
core—shell interface are stretched, which induces a strong cou-
pling between the transverse and longitudinal motions. Thus,
a resonance forms. Due to the nonpropagating nature of the
transverse modes, the coupling will lead to the localization of
the longitudinal propagating modes. As shown in Fig. 4(c), the
participation ratio, which measures the mode localization, for
phonons in Ge/Si core—shell NWs is much lower than that of
Ge NWs at low frequencies. As low frequency phonons have
a large contribution to thermal transport, the thermal conduc-
tivity of Ge/Si core—shell NWs can be decreased compared
to that of Ge NWs (shown in Fig. 4(d)). However, when the
coating thickness increases, the thermal conductivity of Ge/Si
core—shell NWs can also be higher than that of Ge NWs. This
is because the surface-to-volume ratio decreases, which weak-
ens the boundary scattering.

Except in core—shell nanostructures, the scenery of cou-
pling between different modes has been found in natural
schwarzite based host—guest systems.1?®! Mode hybridization
can be formed between rattler modes (the local vibrations
of guest atoms) and propagating modes, leading to phonon
localization.!'?”] Tt is found that the “on-center” rattling in-
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duces a single hybridized mode, while the “off-center” rattling
broadens frequencies for the hybridized modes. As a result,
the off-center rattling can strengthen the hybridization and in-
duce strong phonon localization. Based on phonon localiza-
tion, the concept of phonon storage can be realized by the

e —— -
(a) 2
§ : DGc coating
Ny s
o
~ ] GeNWs
on
e-- . . I g
D_... Si-coating ' 38
ating a
I L Zeml
c
( ) B GeNWs
g 1O} : m Ge/Si core-shell NWs with perfect interface
ﬁ 08 Py 5. (]
=4
2 06}
=
204}
2
E 0.2F
0.0}
0 4 8 12 16
Frequency (THz)
o 10} B Ge/Si core-shell NWs with perfect interface
= . W Ge/Si core-shell NWs with rough interface (per=0.1)
S 08} 2
o
-2 06
<
204}
2
5 02t
a
0.0}
0 4 8 12 16
Frequency (THz)

strong confinement of hybridized modes. In 2020, Zhang et al.
demonstrated that the phonon nano-capacitor can be built by
carbon schwarzite based host—guest system.!'?8] The storage
of phonons from gigahertz to several terahertz can be achieved
by changing the host—guest interaction.

(b) GeNWs
1.0F . === GeSi core-shell NWs with perfect interface
— » == ===+ Ge/Si core-shell NWs with rough interface (per=0.1)
e 08} A === Ge/Si core-shell NWs with rough interface (per=0.5)
=
S o6
=
-
= 04
3
0.2
0.0
(d)
1.8
| - —=—D =28nm
16k —e—D_=45nm
L D =5.6nm
2 14t ——D_=9.0nm
3 D_~11.3nm
v 12f
e | o
10} 7 S
1
I !
08} |
* 1 1
4 5

Fig. 4. (a) The schematic diagram of Ge/Si core—shell NWs. (b) The heat current autocorrelation function and (c) participation ratio of Ge/Si
core—shell NWs and Ge NWs. (d) The dependence of normalized thermal conductivity on coating thickness for different side length of Ge.

Reproduced with permission from Refs. [124,125].

4. Phonon localization by disorder of impurities

The researches of how current, or electron, transport in
semiconductors containing impurities are actually the origin
of Anderson localization.!'??! Except for electrons, impurity
scatterings of phonons, for example isotopic doping!34101.130]
and forming alloys,[!>-131] are widely used to modulate ther-
mal properties of materials. In 2006, through thermal bride
method, Chang et al. found that the thermal conductivity
of boron—nitride nanotube can be decreased through isotopic
doping.!"3?] They speculated that the reduction of the ther-
mal conductivity is due to phonon localization by isotopic
scattering. To clarify this point, Mingo et al. investigated
phonon interference effect by multiple scattering in carbon
and boron—nitride nanotubes for different isotope concentra-
tions through ab initio calculations.!'33! It is found that ther-
mal conductivity reduction induced by phonon localization
can only be observed for isotopic concentrations larger than
10%. This is because localized high frequency phonons co-
exist with quasi-ballistic low frequency phonons. At low tem-

peratures, only quasi-ballistic low frequency phonons can con-

tribute to thermal conductivity due to Bose—Einstein distribu-
tion. High frequency phonons cannot be excited. At high
temperatures, the thermal conductivity is dominated by bal-
listic and super-diffusive phonons, which generally have low
and middle frequencies. As a result, although localized high
frequency phonons are excited, their contribution to thermal
conductivity is quite small.

In another line, John et al. suggested that photon local-
ization would occur in the frequency window of certain dis-
ordered superlattice.’! Inspired by this idea, Mendoza et al.
observed phonon localization by introducing disordered im-
purities at the interface of superlattice.'3* Through nonequi-
librium Green’s function, Mendoza et al. investigated the de-
pendence of thermal conductivity on the length of GaAs/AlAs
superlattice with disordered ErAs impurities at the interface
(shown in the inset of Fig. 5(b)). The periodic length is chosen
as 5.66 nm, and the pure superlattice can be treated as a homo-
geneous material (as illustrated in Section 2). At 10 K, the nor-
malized conductivity increases for both cases with 2.38% and
23.8% disorder. This tendency is in accordance with the size
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effect of thermal conductivity, which is governed by the ballis-
tic and diffusive phonon transport.[®3-%31 However, at 100 K,
the normalized conductivity first increases and then decreases
when the concentration of disorder is 23.8%. This is quite dif-
ferent from the case with 2.38% disorder.

For the superlattice with 2.38% impurities, the degree of
disorder is unable to induce phonon localization. Thus, the
dependence of the normalized conductivity obeys the tradi-
tional rules of phonon diffusive and ballistic transport. The
transmission function g(®) o< L' and g(@) o< e /% (& is the
localization length) at the ballistic and localization regions, re-
spectively. The transition of conductance from power law to
exponential law at about 1.5 THz (shown in Fig. 5(a)) indi-
cates phonon localization for the superlattice with 23.8% im-

purity. Since 1.5 THz is the fifth band edge, the appearing of
phonon localization obeys the mechanism proposed by John
et al.’) However, at 10 K, the phonon population shifts to low
frequency where no localization is induced, and the phonons
experience ballistic transport. At 100 K, the localized modes
become populated. As a result, when the system length is
smaller than the localization length, the conductivity increases
due to the traditional size effect, and when the system length
becomes larger than the localization length, phonon localiza-
tion is induced and begins to affect the conductivity. As the
system length further increases, more phonons will be local-
ized. Thus, the decrease of the thermal conductivity is due to
phonon localization when the length is larger than 112 nm.
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GaAs/AlAs superlattice with disordered ErAs at interface. (d) The dependence of thermal conductivity of GaAs/AlAs superlattice with 25%
ErAs on length from 30 K and 296 K by experiment. Reproduced with permission from Refs. [134,135].

Based on the above predictions by Mendoza ef al., Luck-
yanova et al. observed phonon localization in experiment. 135!
Luckyanova et al. fabricated the GaAs/AlAs superlattice with
periodic length of 6 nm (shown in Fig. 5(c)) which is similar to
that in the simulation by Mendoza et al.!”%134! ErAs dots with
concentration of 25% are randomly introduced at the interface
(shown in Fig. 5(c)). By the time-domain thermoreflectance
method, the decrease of thermal conductivity is found when
increasing the length of the system at 30 K and 50 K (shown
in Fig. 5(d)).
observed. This is because on one hand, the thermal con-

At room temperature, this trendency is not

ductivity is contributed by a broader range of phonons. On
the other hand, high frequency phonons experience phonon—

phonon scattering, which results in the break of phase infor-
mation.

5. Phonon localization by disorder of secondary
artificial periodicity in phononic crystal

PnC, analogous to photonic crystal, has been widely
used to control phonon transport via coherent interference
effect.?1:3384101] Generally, the PnC is formed by introduc-
ing artificial secondary periodicity to the original structure.
Doping to form superlattice®1°!1 and introducing periodic
holes[?!3>] are two commonly used strategies. In PnC, the
secondary artificial periodicity will fold the band structures,
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leading to the open of band gaps which decreases phonon
group velocity and changes phonon density of states.!>>78]
This mechanism, called the band-folding effect, can lead to
huge decrease in thermal conductivity of PnC, which can
be more effective than the diffusive scattering by roughness
boundaries. 21851 Due to this benefit, PnC has been consid-
ered as a good candidate for thermoelectrics where low ther-
mal conductivity can enhance the figure of merit.['*”’! Thus,
extensive efforts have been made to investigate PnC, among
them, factors affecting the thermal conductivity of PnC, in-
cluding disordered degree of secondary artificial periodicity,
attract lots of attention.
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Fig. 6. (a) The transmission electron microscope image of ordered (pe-
riodic) and disordered silicon phononic crystal. (b) The disorder depen-
dent thermal conductivity of silicon phononic crystal at 4 K and 300 K.
Reproduced with permission from Ref. [136].

As the band-folding effect strongly relies on the peri-
odicity of structure,!’®! disorder of secondary artificial peri-
odicity (aperiodicity) has been regarded as the perturbation
which will destroy the coherence of phonons and weaken this
effect.!”%13¢] Wagner et al. investigated this problem in two-
dimensional PnC with holes through time-domain thermore-
flectance method.!"3”! Tt is found that the introduction of dis-
order by randomizing the position of holes can hugely mod-
ify the hypersonic phonon spectrum. However, the change in
thermal conductivity was not observed at room temperature.
This may be due to that a broad range of phonons contribute
to the thermal conductivity. The change of phonons in hyper-
sonic frequencies due to the disorder of periodic holes con-
tributes little to the thermal conductivity. A more systematic
study was performed by Maire et al. They focused on one-
dimensional and two-dimensional PnCs at both room temper-
ature (300 K) and low temperature (4 K).[13%] The results are
shown in Fig. 6. With the disorder of the secondary artificial

periodicity increases, the thermal conductivity first increases,
and then saturates at 4 K. However, at 300 K, the thermal con-
ductivity is insensitive to the change of disorder, which is in
accordance with the results of Wagner et al..!'3”) This is be-
cause at low temperature, only low frequency phonons con-
tribute to thermal conductivity due to Bose—Einstein distribu-
tion. Thus, the change of phonons in hypersonic frequencies
can have observable effects on the thermal conductivity. How-
ever, at room temperature, this change is marginal. All in all,
the disorder of the secondary artificial periodicity can destroy
the band gaps induced by folding, and allow more phonons
to take part in thermal transport. The similar results are also
observed in the one-dimensional PnC.

However, as suggested by John et al., localization would
occur in the frequency gap of certain disordered phononic
crystal. 3] If so, the disorder of the secondary artificial peri-
odicity in PnC would decrease its thermal conductivity due
to phonon localization. In 2006, this kind of result was pre-
sented by Wang et al. on anharmonic lattice that subjected

138] The secondary artificial periodic-

to ¢* on-site potential.l
ity is introduced by changing the on-site potential of selected
lattices. When the on-site potential is periodically changed,
the system can be treated as PnC. It is found that the ther-
mal conductivity of the system whose on-site potential is ran-
domly changed is lower than that whose on-site potential is
periodically changed. Later, Xiulin ef al. presented simi-
lar results in the three-dimensional conceptual Lennard-Jones
PnC (superlattice).['**! From 30 K to 150 K, the thermal con-
ductivity of random multilayer is much smaller than that of
periodic superlattice due to phonon localization. Juntunen
et al. extended the conceptual system to real materials, and
investigated the same topic in Si/Ge superlattice (shown in
Fig. 7(a)) through molecular dynamics simulation at room

(1401 To disorder the secondary artificial period-

temperature.
icity, the layer thicknesses of certain atomic layers are ran-
domly sampled. During this process, the layer number and
total thickness of Si and Ge are all keep the same. Thus, no
extra interfaces are introduced. As shown in Fig. 7(b), the
thermal conductivity of the periodic superlattice increases as
the system size increases, which indicates the ballistic and dif-
fusive transportation of phonons. However, by disordering the
secondary artificial periodicity, the thermal conductivity of the
aperiodic superlattice increases first, and then decreases as the
system size increases. The non-monotonic change is due to
the transition from ballistic transport to localization, which is
in accordance with the results of Mendoza et al.!'*¥ through
introducing disorder impurities at the interfaces. When the
system size is small, the thermal conductivities of the aperi-
odic and periodic Si/Ge superlattices are the same due to the
ballistic phonon transport. However, the thermal conductivity
of the aperiodic Si/Ge superlattice is much smaller than that
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of the periodic Si/Ge superlattice as the system size increases,
only 2% of that of the periodic Si/Ge superlattice when the
system size is larger than ~ 250 nm. This is because the local-
ization lengths of most phonons are less than 250 nm. When
the system size is larger than 250 nm, no more phonons can
be localized. That is to say, two-orders thermal conductivity
reduction can be achieved by phonon localization.
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Fig. 7. (a) The schematic diagram of Si/Ge superlattice. (b) The length
dependent thermal conductivity of periodic and aperiodic (disorder) su-
perlattice at room temperature. Phonon dispersions of (c¢) longitudinal
and (d) transverse modes for periodic and aperiodic (disorder) superlat-
tice. Reproduced with permission from Ref. [140].

The spectral features of phonon localization have also
been explicitly elucidated by Juntunen et al. via lattice
dynamics,"*%) which is shown in Figs. 7(c) and 7(d). For pe-
riodic superlattice, obvious band gaps are presented through
band folding for both longitudinal and transverse modes. In
this case, dispersions near the gaps flatten out, which leads to
the reduction of the thermal conductivity.!>! After introducing
disorder of secondary artificial periodicity, many milibands are
formed and the phonon group velocity can be further reduced
at the newly formed Brillouin zone edges.

Except in superlattice, disordering periodic holes in
PnC (shown in Fig. 8(a)) can also induce strong phonon

localization, and result in huge reduction of thermal

conductivity.[1*1-1421 This has been demonstrated in both
graphene PnC!'#!1 and C3N PnC!'*?! through molecular dy-
namics simulation by Hu et al. To better clarify phonon local-
ization, adopting a two-phonon model developed by Wang et
al.,3% the thermal conductivities of graphene PnC with or-
dered and disordered holes are decomposed to contributions
from incoherent and coherent phonons. As shown in Fig. 8(b),
when the system length is shorter than 10 nm, thermal con-
ductivities of ordered and disordered graphene PnC are the
same for molecular dynamics simulation and Green’s function
method as a result of ballistic transport. For ordered PnC, co-
herent phonons contribute a large proportion (more than 50%)
to the total thermal conductivity. However, in disordered PnC,

coherent phonons are strongly localized, their contributions to
the total thermal conductivity decrease rapidly. When the sys-
tem length is larger than 200 nm, the contributions of coherent
phonons are negligible because they are fully localized. For
incoherent phonons, the absolute values of their contributions
to the thermal conductivity do not change for ordered and dis-
ordered PnC. This is because incoherent scattering does not
rely on periodicity. What is more, the appearing of the max-
imum thermal conductivity when the system length increases
is only contributed by coherent phonons (shown in the inset of
Fig. 8(b)). This further demonstrates the phonon localization
mechanisms here. The similar results have also been discov-

ered in the conceptual Lennard—Jones superlattice by Wang et
al 113
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Fig. 8. (a) The schematic diagram of disordered graphene phononic
crystal. (b) Decomposition of the total thermal conductivity of periodic
and disorder graphene phononic crystal to the contributions of coherent
and incoherent phonons at different length. Reproduced with permis-
sion from Ref. [141].

To validate this thermal conductivity reduction by phonon
localization, Shiomi et al. investigated thermal conductivities
of periodic and aperiodic GaAs/AlAs superlattices through
both machine learning and time-domain thermoreflectance
method from 77 K to 300 K. At first, the thermal conductivity
of each structure is calculated through the Green’s function.

Then, Bayesian optimization!!43:144]

is used to predicted the
structure that has the minimum thermal conductivity with both
smooth and rough interfaces. Finally, the samples of the pre-
dicted structure are fabricated, and the thermal conductivities
are measured. GaAs and AlAs are denoted as 0 and 1, respec-
tively. The optimal structure is 1001010101101101, which is
obviously an aperiodic superlattice. As shown in Fig. 9, the
thermal conductivity of the optimized aperiodic superlattice is
quite lower than that of periodic superlattice for both smooth

and rough interfaces from 77 K to 300 K. The experiment re-
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sults for cases with roughness interfaces agree well with re-
sults from the Green’s function. This confirms the reduction
of thermal conductivity by disordering secondary artificial pe-
riodicity. Through mapping the localized density of states
(LDOS) for single frequency to each layers, it can be found
that the LDOS are relatively uniform for the periodic struc-
ture. However, in the disordered structure, large LDOS can be
found in AlAs layers, indicating the localization of phonons.
It needs to be noticed that a seeming discrepancy arises
between the results of Maire et al.!'*%] and others. [139-141,143]
The results of Maire ef al. predict that thermal conductiv-
ity will increase after disordering the secondary artificial pe-
riodicity of PnC, while, the results by others show a ten-
dency of decrease. This discrepancy can be well solved by
machine learning method.!'##! Different researches have been
performed to investigate phonon localization by disordering

oo

the secondary artificial periodicity of PnC through machine

143,146-149

learning method.! 1 Most of them focused on maxi-

mizing phonon localization, and exploring minimum thermal

143,146-148] for thermoelectric application. The

conductivity!
increase of thermal conductivity by disorders has been clari-
fied by Wei et al.!'*°! Through machine learning searching, it
is found that the thermal conductivity of disordered PnC can
be both lower and higher than that of periodic PnC. The en-
hancement of phonon transport is due to the particular pore ar-
rangements that facilitate the transport of incoherent phonons.
Wei et al. proposed that two factors, the shape factor and chan-
nel factor which describe the pore arrangement parallel and
perpendicular to the heat flux direction, respectively, can affect
the thermal conductivity. The structure that has a more spread
pore arrangement perpendicular to the heat flux direction will
have a smaller channel and larger thermal conductivity.
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Fig. 9. (a) Thermal conductivity and (b) phonon transmission function for periodic and optimized aperiodic GaAs/AlAs superlattice at different rough-
ness. (c) Phonon localization (LDOS) of periodic and aperiodc GaAs/AlAs superlattice at 3.27 THz. Reproduced with permission from Ref. [145].

6. Conclusion and perspectives

In this review, recent progresses on phonon localization
and its effect on thermal conductivity of nanostructures are
summarized. By changing the surface morphology, introduc-
ing disordered impurities, and disordering the secondary arti-
ficial periodicity in phononic crystal, localized modes can be
presented. However, phonon localization induced by surface
disorder can only reduce the thermal conductivity of nanowire
at low temperature. Only with high concentration, phonon lo-

calization induced by disordered impurities can have an ob-
servable effect on thermal conductivity at room temperature.
By disordering the secondary artificial periodicity in phononic
crystal, the thermal conductivity can be heavily reduced, even
up to two orders. Overall, localization can hinder the trans-
port of phonons in certain frequencies. Due to the fact that
phonons in a broad frequency range from about 0.1 THz to
tens of THz can contribute to thermal conductivity, thermal

conductivity reduction induced by phonon localization can be
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observed only when a large number of phonons are localized,
especially at low and middle frequencies. Actually, this is one
of the challenges in utilizing phonon localization to tailor ther-
mal conductivity. Except that, the phonon coherence length is
quite small, which is no more than 10 nm for most phonons
at room temperature. To utilizing coherent nature of phonons,
the characteristic length of nanostructure should be less than
the wavelength. This brings great difficulties for materials syn-
thesizing, and thus, limits its practical application.

Considering the present successes and challenges, we
conclude some further directions which need to be investi-
gated. Firstly, the decrease of thermal conductivity by phonon
localization implies its potential application in thermoeletrics.
Except thermal conductivity, electric properties are also im-
portant factors to be considered. However, till now, few re-
searches about the electric properties on this spatial size and
structure features have been reported. Multifunctional opti-
mization by changing structure sizes and degree of disorder to
hugely reduce the thermal conductivity and silently affect the
electric properties is quite important. Secondly, unlike pho-
tons and acoustic waves, which are essentially noninteracting,
high order phonon scattering will destroy the phase informa-
tion of phonons. Thus, how anharmonicity or nonlinearity af-
fects phonon localization and the spectral features need to be
systematic clarified theoretically. Thirdly, most of present re-
searches are theoretical works, experiment observations and
researches of phonon localization are expected. Especially,
the reduction of thermal conductivity by phonon localization
is just demonstrated by simulation, which is still under de-
bate. Convincing experiment results by isolating the effect of
phonon localization and other mechanisms, for example diffu-
sive scattering, on thermal conductivity are needed. !> At the
same time, to better understand the wave nature and localiza-
tion of phonons, exploring strategies to directly probe phonon
coherence length as that of phonon mean free path is of great
importance.
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