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Anderson localization of phonons is a kind of phonon wave effect, which has been proved to occur in many structures
with disorders. In this work, we introduced aperiodicity to boron nitride/carbon nanotube superlattices (BN/C NT SLs),
and used molecular dynamics to calculate the thermal conductivity and the phonon transmission spectrum of the models.
The existence of phonon Anderson localization was proved in this quasi one-dimensional structure by analyzing the phonon
transmission spectra. Moreover, we introduced interfacial mixing to the aperiodic BN/C NT SLs and found that the coex-
istence of the two disorder entities (aperiodicity and interfacial mixing) can further decrease the thermal conductivity. In
addition, we also showed that anharmonicity can destroy phonon localization at high temperatures. This work provides a
reference for designing thermoelectric materials with low thermal conductivity by taking advantage of phonon localization.
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1. Introduction

Thermoelectric (TE) material is a kind of functional ma-
terials which takes advantage of the Seebeck effect to realize
the direct conversion between thermal energy and electrical
energy.!!l The advent of thermoelectric materials brings hope
for the sustainable development of energy in the future.l”!
However, the application of thermoelectric materials is limited
by their low efficiency. To achieve high TE energy conver-
sion efficiency, low thermal conductivity (k) is desired since
the energy conversion efficiency (characterized by the figure
of merit, ZT) is inversely proportional to thermal transport. It
has been reported that reducing the lattice thermal conductiv-
ity is the primary approach for promoting the thermoelectric
properties of materials.>~71 Actually, the thermal property is
of great significance to various materials, including TE ma-
terial, thermal interface materials, energetic materials, plasma
facing materials, et al.[8-10]

Fortunately, the physical properties can be tuned by
the structural change of materials.[!'~13] With the develop-
ment of nanotechnology, low thermal conductivity can be
achieved by the nanostructural design of materials, taking ad-
vantages of the quantum effects, classical size effects and in-

14-18] Phonons are a kind of boson with wave—

terface effects. !
particle duality. Utilizing the phonon particle nature (incoher-
ence), the propagation of phonons can be impeded through
phonon scattering. Previous studies show that structures
such as zero-dimensional point defects, [19.201 yhe-dimensional
dislocations?!??] and two-dimensional interfaces!>*! can lead

to phonon scattering thus decreasing the thermal conductivity.
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On the other hand, the lattice thermal conductivity
can be manipulated by using the phonon wave effects (co-
herence) such as the phonon resonance!?*2%! and phonon

27.28] The latter can be derived from the distur-

interference. !
bance of the coherent phonons by structural disorders, caus-
ing backscattering of coherent phonons,!”®! a phenomenon
known as phonon Anderson localization.!**! Phonon Ander-
son localization has been observed in a series of systems,
including GaAs/AlAs superlattices with ErAs nanodots, ]
silicon nanowires, %32 nanoscale 3D Si phononic crystal
with spherical pores,*3! graphene/h-BN superlattices,** and
Si/Ge superlattices.?>3¢! Taking graphene/h-BN superlattices
(Gr/h-BN SLs) as examples, it was reported that the thermal
transport can be largely impeded by disorder entities including
randomized layer thicknesses (aperiodicity, ap)'*’! and interfa-
cial mixing.[3+38]

In spite of the aforementioned studies, phonon Ander-
son localization has rarely been reported for the quasi one-
dimensional nanotube systems, which represents an important
type of nanostructure as well as a potential TE material.[! Tt
raises a question whether the disorder entities such as aperiod-
icity and interfacial mixing can still induce phonon Anderson
localization in nanotubes. The answer to this question is ob-
scure because for systems with the same length, the hollow na-
ture of nanotubes leads to much fewer atoms compared with
nanowires and two-dimensional materials, providing limited
spaces for disorders such as random alloys.

In this study, by using molecular dynamics simulations,

we investigate the thermal transport in boron nitride/carbon
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nanotube superlattices (BN/C NT SLs). By setting random-
ized layer thicknesses and interfacial mixing, different disor-
der entities were introduced to BN/C NT SLs. The exponen-
tial decay of phonon transmission spectra with the length of
disordered medium corroborates the existence of phonon An-
derson localization, which is the cause of the reduced thermal
conductivity in the relevant structures. Meanwhile, the coexis-
tence of the two disorder entities (aperiodicity and interfacial
intermixing) can further decrease the thermal conductivity of
BN/C NT SLs.

The structure of this paper is as follows. In Section 2, we
introduce the atomistic models of BN/C NT SLs used in the
simulations, and the methods for the thermal conductivity and
phonon transmission spectra calculations. In Section 3, we
show the thermal conductivity and phonon transmission spec-
tra results, and the Anderson localization is analyzed. Finally,
the main findings of this work are summarized in Section 4.

2. Methods
2.1. Atomistic models

First, we constructed a periodic BN/C NT SL of 10 peri-
ods with a length of 29.76 nm (Fig. 1(a)). The chirality index
of the periodic BN/C NT SL is (10,10) and the C—C, C-B, and
B-N bond lengthes were all set as 1.43 A. The perimeter (C)
of the BN/C NT SLs is!4"!

C =dw =\3a\/m?+n?+ mn, (1)

where d, is the diameter of the BN/C NT SLs, a is the bond
length (1.43 A) and (m, n) is the chirality index (10,10). So,
we can define the volume (V) of the BN/C NT SLs as[*!]

V = LCS
= LC(50%8¢ +25%85 +25%5), )

where L is the length of the BN/C NT SLs and &¢, 0g, Oy are
the van der Waals diameters of carbon atoms (3.40 A), nitro-
gen atoms (3.10 A), boron atoms (3.84 A), respectively.

Fig. 1. Atomistic models of BN/C NT SLs: (a) periodic, (b)—(e) aperiodic.

We mark the length of each CNT (BN) section as X, X»,
..., Xp0. For periodic NT SL, X; = X, = --- = X»g = 14.88 A.
Then, we randomly changed the length of each section to con-
struct aperiodic BN/C NT SLs, while keeping the total length
unchanged. The ratio of the atomic species also remained un-
altered. For example, as shown in Fig. 1(b), the changed length
of each section is AX], AX», ..., AXy, respectively (AX,, was
randomly chosen from 0 A, £1.24 A, +2.48 A;n=1,2,3, ...,
20). Based on the model shown in Fig. 1(b), we continued to
construct three more aperiodic BN/C NT SLs (Figs. 1(c), 1(d),
1(e)) with increasing section length variations of 2AX,,, 3AX,,
and 4AX,, respectively. Thus, larger section length variation
indicates more severe disorder in the system.

Then we constructed two structures based on the aperi-
odic BN/C NT SL shown in Fig. 2(a). One is a system with
serrated interfaces (Fig. 2(b)), and the other one has rough
interfaces (Fig. 2(c)). The “serrated interfaces” exhibit reg-
ular notched shape, while the “rough interfaces” bear random
exchange of the atomic species, which were realized by ran-
domly replacing the C (BN) atoms by BN (C) atoms, while the
ratio of the atomic species was kept constant. The motivation
for studying those two structures was to compare the impact
of the regular interface shape and the random disordered inter-
face shape on the thermal transport, as the interfacial structure
is crucial to the interfacial thermal resistance.*”) The length
of the serrated interfaces and that of the rough interfaces were
both set to 4.96 A, as indicated in Figs. 2(b) and 2(c).

Perfect interfaces
Serrated interfaces

g

Fig. 2. Atomistic models of aperiodic BN/C NT SLs with different in-
terfaces: (a) perfect interfaces, (b) serrated interfaces, and (c) rough
interfaces.

Models with different central lengths were built for
the phonon transmission calculations from non-equilibrium
molecular dynamics (NEMD) simulations. Sections with 2 nm
in length at the two ends of the tubes were fixed, while the ad-
jacent sections of 13 nm were set as hot and cold reservoirs,
respectively.

2.2. Thermal conductivity calculation

The thermal conductivities of the models shown in Figs. 1
and 2 were calculated from equilibrium molecular dynam-
ics (EMD) simulations by using the LAMMPS software
package.!**l The thermal conductivity k. along the direc-
tion perpendicular to the interface (z-direction) was calculated
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from the Green—Kubo formula!*4!
14 tee .
K= ) G0k 3)

where T, V, and kg are the temperature, volume, and Boltz-
mann constant, respectively. The j,(¢) is heat flux along the
z-direction and the angular brackets denote the ensemble aver-
age.

In the software, we set the MD time step to 0.5 fs, and
periodic boundary conditions were applied in the axial direc-
tion. The Tersoff potential was adopted to describe the atomic
interactions. [+’ First, we relaxed the initial structures by using
the conjugate gradient energy minimization algorithm. Then,
the structures were evolved in the canonical ensemble (NVT)
for 200 ps in order to impose a temperature of 300 K. After
that, MD runs with lengths equal to 160 ps in the microcanon-
ical ensemble (NVE) were performed to calculate the heat flow
along the z-direction. We carried out 10 independent MD sim-
ulations to get the ensemble average in the angular brackets,
based on which k; was calculated.

2.3. Phonon transmission spectra calculation

The method proposed by Saaskilahti ez al.[*¢47] was used
to calculate the phonon transmission spectra of BN/C NT SLs
from non-equilibrium molecular dynamics. The frequency-
decomposed heat flow between any two atoms i and j can be
expressed as

Qiaj(w)
5 . R

o T mwawle).
simu® 5 g2}

where @ denotes the frequency and #gjp, is the simulation time.
0% (@) and 07
and f directions after Fourier transforms, respectively. Kgﬁ is

(w) are the velocities of atoms i and j in the o

the force constant matrix which denotes the force constant be-
tween atom ¢ and atom j. Assuming a virtual interface where
the atoms on the left and right sides of the interface belong to
the atomic groups L and R, respectively. Then the heat current
across the interface can be obtained by summing over atoms
in each group:

q@)=Y Y gij(0). 6))
icL jeR
With the heat current, the phonon transmission function can
be defined as

T () q(o)

where AT is the temperature difference of the two thermal
baths in NEMD simulations. To calculate 0 (@) and ﬁf (),
the Langevin heat baths at 7+ AT /2 and T — AT /2 were im-

posed, as shown in Fig. 3(a). The MD time step was set to 1 ps.

The average heat bath temperature was fixed at 7 = 300 K
(500 K, 800 K) and AT was set to 60 K. Temperatures were
imposed by the Langevin thermostat, which outperforms the
Nosé—Hoover (chain) thermostat in NEMD simulations be-
cause of its stochastic and local nature.*3 We calculated Kgﬁ
by LAMMPS using the finite difference method: fix atom j,
move atom i along £x, +y, £z directions, respectively by a
small distance (A = 0.01 A). After each displacement, we can
calculate the force on atom j in atomic groups L and R. As a

result, the force constant matrix can be expressed as

B— B+
Y 2A ’

where Fjﬁ ~ and Fjﬁ * are the forces on atom j in the B direc-

tion when atom i moves to the —& and +a directions. With

% (o), ﬁf(w) and Kgﬁ, T (®) can be obtained.

T
Fixed Hot region | Central
2 nm 13 nm 8 nm

Central 15 nm

ﬁww ﬁ g& ..... & ...... G

:
Central 23 nm

gE@i iR R

3 -]
Y T

Cold region Fixed

13 nm 2 nm

1
! Central 30 nm

Fig. 3. Atomistic models used in the phonon transmission calculations
from NEMD.

3. Results and discussion
3.1. Thermal conductivity of BN/C NT SLs

Figure 4 shows the calculated thermal conductivities of
the BN/C NT SLs of different section length variations at
300 K. Also shown in the figure are the thermal conductivi-
ties of the aperiodic BN/C NT SLs with serrated interface and
rough interface (red circle and blue triangle).

. 350 -

@ - Perfect interfaces
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E 300 F Periodic Rough interfaces

< BN/CNT SL
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2 200 | T e —
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o

=
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<
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Fig. 4. Thermal conductivity of different BN/C NT SLs at 300 K.
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As shown in Fig. 4, the K, of the periodic BN/C NT SL
is around 270 W/mK. When disorder is introduced to the sys-
tem, a sizable reduction in k; is observed, and it continues
to decrease as the section length variation increases. This phe-
nomenon indicates that the phonon propagation is more signif-
icantly suppressed as the disorder degree increases. For exam-
ple, when the section length variation reaches 4AX, a 37.4%
reduction in k; is realized compared with the system without
disorder. Except for the section length variation, the interface
structure also has obvious impact on k,. As shown in Fig. 4,
the serrated interfaces and the rough interfaces further reduce
the thermal conductivity.

3.2. Phonon analyses of aperiodic BN/C NT SLs at differ-
ent temperatures

To elucidate the physical mechanism underling the im-
peded thermal transport in BN/C NT SLs, the corresponding
phonon transmission spectra were calculated. Figure 5 shows
the phonon transmission spectra of the aperiodic BN/CNT SL
with different system lengths at different temperatures. From
Fig. 5(a), the ballistic phonon transport can be observed be-
low ~ 1 THz. The transmission of the low-frequency phonons
(below 1 THz) does not change obviously as the length of
the aperiodic BN/C NT SL increases. This is because these
phonons bear long-wavelength, and cannot be scattered effec-
tively while propagating through even the entire length of a
superlattice.3!! In general, the phonon transmission spectrum
decreases with the increase of the length of the superlattice,

a T=300 K
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except for the frequencies below 1 THz and around 35 THz.

Because of the interference of the phonon waves reflected
due to the back scatterings at the random interfaces, phonon
localization may occur in this structure. Therefore, the local-
ization regime can be established, featured by the exponential
decay of phonon transmission 3¢/

T(@) =T (@) e b,

Th(w)-e ®)

where T (@) is the phonon transmission coefficient of the
structure, L is the system length, and & is the localization
length. By fitting 7 (w) of Figs. 5(a)-5(c) with Eq. (8),
the frequency-resolved phonon localization length at different
temperatures can be obtained. We use the coefficient of deter-
mination R? to evaluate the degree of fitting. The coefficient
of determination R? equal to 1 means that the model perfectly
fits the data.!*°! For systems at 300 K, we find that most of the
fittings can achieve very high values of R? (> 0.95), which cor-
roborates the existence of phonon Anderson localization in the
aperiodic BN/C NT SL at 300 K. In Fig. 5(d), we summarize
the localization length corresponding to the frequency with R
greater than 0.99 for the systems at different temperatures. It
can be seen that the population of localized modes decreases
with temperature, as the anharmonicity will destroy phonon
localization at high temperatures.>%!! It would be interesting
to note that some random multilayer structures were reported
to exhibit enhanced thermal transport than the SL counterpart

even in the presence of phonon localization.>?!
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Fig. 5. Phonon transmission spectra and phonon localization length of the aperiodic BN/C NT SL at different temperatures.

3.3. Phonon analyses of aperiodic BN/C NT SLs with dif-
ferent interfaces

The phonon transmission spectra of the aperiodic BN/C
NT SL with serrated interfaces and rough interfaces were eval-

uated at 300K. According to Fig. 6(a), it can be obviously seen
that the phonon transmission spectra of the serrated and rough
interfaces are lower than that of the perfect interfaces at 300 K.

This means both serrated interfaces and rough interfaces ob-

056301-4



Chin. Phys. B 32, 056301 (2023)

struct heat transfer. We also fitted the phonon transmission
spectrum with the exponential decay model and plotted the lo-
calization length in Fig. 6(d). It can be inferred that fewer fre-
quencies meet the fitting conditions (R> > 0.99) in aperiodic
BN/C NT SL with serrated interfaces than that in aperiodic
BN/C NT SL with perfect interfaces. That is to say, the ser-
rated interfaces weaken the phonon localization. Therefore,
the reduction of thermal conductivity for serrated interfaces

(a) L =8 nm
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4% — Serrated interfaces
@ — Rough interfaces
g
Z 10 w*‘
g J
-
fie]
=)
g SH
g {
<
[a B}
0 J
10 20 30 40 50
(c) Rough interfaces
= 15¢ — L =8 nm
.% — L =15 nm
@ — L =23 nm
g — L =30 nm
g 10f
@
-
B
g
g 5
o
<
[a
O I I I I
10 20 30 40 50

Frequency (THz)

is due to the enhanced phonon scattering rather than phonon
localization.!33! Unlike serrated interfaces, the rough inter-
faces somewhat increase the disorder of the system, and the
phonon localization is enhanced.** This means that the su-
perposition of the two types of disorders (aperiodic and rough
interface) can work together to decrease the thermal conduc-

tivity even further.
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Fig. 6. Phonon transmission spectra and phonon localization length of the aperiodic BN/C NT SL with different interfaces at 300 K.

4. Conclusion

To sum up, by performing molecular dynamics simula-
tions, we calculated and compared the thermal conductivity
of different aperiodic BN/C NT SLs with different interfaces.
Then we demonstrated the existence of phonon localization in
aperiodic BN/C NT SLs by analyzing the phonon transmission
spectra. We also found that the anharmonicity will destroy
phonon localization at high temperatures. The coexistence of
the two distinct disorder entities (aperiodicity and interfacial
intermixing) can further enhance the phonon localization and
decrease thermal conductivity. This work provides a new idea
for the design of thermoelectric materials with low thermal
conductivity by using disordered structures.
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