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SPECIAL TOPIC — Heat conduction and its related interdisciplinary areas

Wide frequency phonons manipulation in Si nanowire by
introducing nanopillars and nanoparticles

Yatao Li(Z= i #%), Yingguang Liu(X|#5%)", Xin Li(Z53%), Hengxuan Li(ZE% &),
Zhixiang Wang(E &), and Jiuyi Zhang(GKk A=)

Hebei Key Laboratory of Low Carbon and High Efficiency Power Generation Technology,
North China Electric Power University, Baoding 071003, China

(Received 7 August 2023; revised manuscript received 20 September 2023; accepted manuscript online 12 October 2023)

The combination of different nanostructures can hinder phonons transmission in a wide frequency range and further
reduce the thermal conductivity (TC). This will benefit the improvement and application of thermoelectric conversion,
insulating materials and thermal barrier coatings, etc. In this work, the effects of nanopillars and Ge nanoparticles (GNPs)
on the thermal transport of Si nanowire (SN) are investigated by nonequilibrium molecular dynamics (NEMD) simulation.
By analyzing phonons transport behaviors, it is confirmed that the introduction of nanopillars leads to the occurrence of low-
frequency phonons resonance, and nanoparticles enhance high-frequency phonons interface scattering and localization. The
results show that phonons transport in the whole frequency range can be strongly hindered by the simultaneous introduction
of nanopillars and nanoparticles. In addition, the effects of system length, temperature, sizes and numbers of nanoparticles
on the TC are investigated. Our work provides useful insights into the effective regulation of the TC of nanomaterials.

Keywords: resonant structure, nanoparticles, nanopillars, phonon transport, thermal conductivity

PACS: 65.80.—g, 63.22.—m, 44.10.41, 31.15.xv

1. Introduction

Many important applications and devices such as ther-
moelectric conversion, thermal barrier coatings and insulating
materials need to hinder phonon transport to further reduce
TC."-#I Nanostructures have been widely used in the design of
low TC materials, and the frequency range of phonons that sig-
nificantly contributes to heat transport in nanostructured mate-
rials is generally in the sub-terahertz to tens of terahertz.!
From a spectral point of view, the key question in obtaining
low TC materials is how to suppress phonon transmission over
a wider frequency range.!®”] However, a single nanostructure
can only control or influence phonons within a certain fre-
quency range and cannot suppress phonons at all frequencies
to achieve extremely low TC.

Therefore, in order to further decrease the TC, many
scholars have combined different nanostructures with other
scattering sources to inhibit phonons transport in a wider
frequency range. For example, Liu et al.!¥ further signif-
icantly reduced the TC by embedding nanoparticles in the
Si/Ge superlattice, which was mainly attributed to the fact that
nanoparticles enhanced the scattering of middle-frequency
phonons in the superlattice on the basis that most of the high-
Chen
et al.’! showed that Si/Ge superlattices combining point de-

frequency phonons were scattered by the interfaces.

fects and abrupt boundaries can break the TC limit of alloy-
ing. This structure can scatter middle and high frequency
phonons through point defects and abrupt boundaries, respec-
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tively. Similarly, experimental work!!?! by using a combina-
tion of embedded nanoparticles, impurities, and sintered inter-
faces into material has yielded very low TC, which is attributed
to the efficient scattering of phonons by these multiscale struc-
tures in a wider frequency range. It should be noted that the
above studies are based on phonon’s particle nature to enhance
the scattering of middle and high frequency phonons. The dis-
advantage of this approach is that it has a weak influence on
low-frequency phonons, which also have a non-negligible con-
tribution to the TC,[11-13] thus limiting the further reduction in
TC.

In contrast to the above works, more and more studies fo-
cus on using phonons wave nature to suppress low frequency
phonons transport. The phonon resonance is a typical wave be-
havior, which can reduce the phonon group velocity and life-
time and produce phonon mode localizations and hybridiza-
tion to decrease TC.[1415] Therefore, the combination of reso-
nant structures and other scatters can achieve phonon trans-
port suppression in the full frequency range. For example,
Wang et al.!'® reported that screw dislocations can enhance
the anharmonicity of high-frequency phonons, while resonant
structures can decrease the group velocity and relaxation time
of low-frequency phonons. They can cooperatively inhibit
phonon’s transport at all frequencies in SNs. Xiong et al.!'”]
demonstrated that combining the designed resonant structure
with alloying can result in extremely low TC of SNs. This is
because the resonance structure causes the resonance effect of
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low-frequency phonons, which reduces the group velocity and
mean free path of phonons below 4 THz, while alloy scatter-
ing hinders the propagation of high-frequency phonons. Sim-

18] showed that the surrounded fins and Ge

ilarly, Liang et al.!
dopants in SNs can effectively inhibit the transmission of low-
frequency phonons and high-frequency phonons, respectively.

Although local resonance and scattering of phonons can
suppress the transport of full frequency phonons, it is impor-
tant to note that the mere combination of resonant structures
and scatters does not necessarily lead to a decrease in TC be-
cause the introduction of phonon scatters will reduce the local
resonance of phonons. For example, Wang et al.!'”! inves-
tigated the effect of introducing vacancy defects, mass mis-
match and alloy disorder into the side band of graphene nano-
junction on phonon resonance mechanism, showing that vari-
ous defects can weaken resonance hybridization and thus im-
prove TC. Similarly, Li er al.”?") showed that the phonon res-
onant effect caused by the resonant pillars of Si-membranes
can significantly reduce the TC of the Si-membranes, but the
introduction of vacancies at the interface between resonant pil-
lars and the base material decoupled the hybridization of the
resonant mode and the propagating phonons at intermediate
frequency, thus improving the TC of the resonant structure.

From the above analysis, we know that the combination
of resonant structures and scatters can be very beneficial for
the decrease of TC, however, the interaction between them
may weaken the heat conduction inhibition effect. Thus, in
order to avoid weakening phonons resonance effect of intro-
ducing scatterers and realize the synergistic effect between
phonons scattering and resonant mechanisms, it is crucial to
reasonably select the scattering source and resonant structure.
Therefore, in this paper, we propose to rationally introduce
resonant nanopillars and nanoparticles to reduce the TC of
nanowires. The effects of nanoparticles and resonant nanopil-
lars on the TC of nanowire are simulated by NEMD. By cal-
culating the phonon spectral heat flux, dispersion relations and
participation ratios, the heat transport mechanisms are deeply
analyzed.

2. Model and computational methodology
2.1. Geometric model

All models are created in the (100) orientation using the
LAMMPS code.?!! Figures 1(a)-1(d) show the simulation
structures of SN, Si nanowire embedded with Ge nanoparticles
(SN-PAR), Si nanowire with two-sided nanopillars (SN-PIL),
and Si nanowires with both Ge nanoparticles and nanopil-
lars (PAR-PIL). As shown in Fig. 2, the geometrical sizes of
the four periodic structures are demonstrated by taking the
smallest cell structure of PAR-PIL as an example. The main
body of the minimum cell structure is a cube with a side

length L, = 3.26 nm. The cross section of the branches is a
square with a side length L, = 1.63 nm and its height is set
to Ly = 1.63 nm. The two branches on either side have the
same size and are both located in the middle of the square. Ge
nanoparticles of diameter D are embedded in the center of the
body.

: ® & & & ¢ & ¢ @

s 2o 0o

Fig. 1. Schematic diagram of the four structures: (a) Si nanowire, (b) Si
nanowire with Ge nanoparticles, (c) Si nanowire with nanopillars, (d) Si
nanowire with both nanopillars and Ge nanoparticles.

Fig. 2. The geometric size of the minimum cell structure.

L|R

Hot bath L

- N
Fixed Fixed

Cold bath

sys

Fig. 3. Schematic diagram of the NEMD simulation.

2.2. Computational methodology

The TC of all models is calculated in LAMMPS software
using the NEMD method. The interactions between atoms
are described by the Tersoff potential,[*?! which is widely
used to calculate the thermal properties of Si—Ge materials.
The schematic diagram of the NEMD simulation is shown in
Fig. 3, the hot and cold baths are both set to be 16.0 nm. Fixed
boundary condition is used in the X -direction, and the atoms at
both ends in the range of 1 nm are set as fixed layers. Periodic
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boundary conditions are used for the rest of the directions with
a vacuum region of 8 conventional unit cells surrounding the
Si nanowire, which is larger than the cutoff radius of atomic
interactions. The temperatures of the hot and cold baths are
set to be Ty + AT /2 and Ty — AT /2 by a Langevin thermostat,
where Tj is the initial temperature of the system and AT is the
temperature difference between the hot and cold baths. The
time step is set to be 1 fs. First, in the NPT ensemble, the
system was relaxed for 5 x 10° time steps at zero pressure and
a specific temperature. Subsequently, the optimized structure
was obtained and the NVT for 1 x 10° time steps was per-
formed to give the system a uniform energy distribution state
at a desired temperature. After system equilibration, a temper-
ature gradient was generated in the system using a Langevin
thermostat and the system was placed under NVE for 1 x 10°
time steps to obtain the heat flux. Figure 4 shows the temper-
ature distribution in homogeneous SN after state stabilization,
the temperature jump near the hot and cold bath can be clearly
seen in the short finite length model. Previous studies which
calculate temperature gradient always remove the jump part
and fit only the intermediate linear part. However, the study
by Li e al.'>3) showed that the temperature jump, also known
as ballistic thermal resistance, is a physical phenomenon due
to the ballistic transport of some phonons, which should not
be excluded in the temperature gradient fitting process. There-
fore, the TC is calculated from Fourier’s law by the tempera-
ture difference AT

K= — (1)

where J is the heat flow, W is the substrate width, d is the sub-

2425] |

strate thickness,! sys corresponds to the system length

and temperature difference AT = 40 K.

320 oRRRmEREEER, The temperature jump

Hot bath o

310 %

300+ %

Temperature (K)

290+ A

Cold bath
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0 10 20 30 40 50
Length of system (nm)

Fig. 4. The temperature distributions in homogeneous Si nanowire.

According to the method developed by Sellan et al.,[%f]

TC with finite sample length in NEMD simulation can be ob-
tained by fitting extrapolation. In order to improve the ex-

trapolation accuracy of fitting, Taylor series expansion is per-
formed on the complex function composed of length depen-
dent TC and 1/L, and the expansion is truncated to the second-

order[27-281

1 I o
R asAs @
where x (L) is the TC obtained by NEMD simulations for the
sample with length L. kp corresponds to the extrapolated TC
with o and 3 the extrapolation coefficients.

The spectral heat flows are obtained based on the calcula-
tion method used by Saeaeskilahti et al.'>*=3! As shown in the
schematic of the NEMD simulation (Fig. 3), the heat flowing
from the L-group atoms to the R-group atoms can be calcu-

lated as

2

a)ta

Y (@)K (@), ¢

Be(xy2)

gi-j (@) =

here, @ represents the angular frequency, ¢ is the simulation
time and Kgﬁ is the second-order interatomic force constant.

V¥ () and f/f
velocities of atoms 7 in direction & and atoms j in direction f3,

(w) represent the discrete Fourier-transformed

respectively. By summarizing the atoms in each subset of two
adjacent atom subsets L and R (Fig. 1), the spectral heat flux
at the intermediate interface can be obtained by

q(@) = %Z Y disj(@). @)
i€L jeR

Phonon density of states (PDOS) can reflect the changes in the
internal vibration mode of the system after being affected by
external factors, and give a lot of important microscopic infor-
mation. By performing the Fourier transform of the velocity
autocorrelation function of each atom, the PDOS can be ob-
tained as 3%/

1 —iot u
PDOS(0) = —— [e <j21vj<t>vj<o>>, s)

where v;(0) is the average velocity vector of a particle j at ini-
tial time, v;(r) is its velocity at time 7, and @ is the vibration
wave number.

In order to better comprehend the influence of phonons
activities on the TC of the system, we calculate phonons par-
ticipation ratios (PPRs) of different structures according to the
following formula: 33!

2
Z_PDOSi(a))Z}

PPR(0) = [

N YPDOS(@)} ©

where PDOS; () is the PDOS of the i-th atom with frequency
o, and N is the total number of atoms.
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3. Results and discussion

The relationship between TC and the length of the four
structures at room temperature was first investigated. Due to
the size effects,[?>3* the TC of each sample increased with
the increase of system length. In order to obtain the TC of
infinitely long samples (also known as intrinsic TC) with lim-
ited computational resources, Eq. (2) was applied to fit extrap-
olations of the TC obtained from the NEMD simulations for
samples of finite length. The samples with ultra-short lengths
were discarded in the quadratic fitting process!*>! and the val-
ues of long samples with maximum lengths up to 417 nm were
used to improve the extrapolation accuracy of TC. As shown
in Fig. 5, the TCs of the four infinite structures predicted by
TC extrapolation are 85.39 W-m~!.K~!, 18.30 W-m~!.K~!,
1529 W-m~1.K~! and 6.95 W-m~!.K~!, respectively. This
first demonstrates that the introduction of GNPs and nanopil-
lars can significantly reduce the TC of SN, but nanopillars and
GNPs lead to different degrees of reduction in TC, as they in-
troduce different phonons transport mechanisms.

0.30
v SN
# SN-PAR
0251 ¢ SN-PIL

® PAR-PIL

1/k (mK/W)

0 0.01 0.02 0.03 0.04

1/L (nm™1)

Fig. 5. The extrapolation of TC based on Eq. (2) for the four structures.

In order to quantitatively analyze the different phonons
transport mechanisms, the g(®) of SN, SN-PAR, SN-PIL
and PAR-PIL are obtained by calculating the contribution of
phonons of different frequencies to heat transport, as shown
in Fig. 6. Compared with the value of g(®) for SN, it can be
seen that the embedded GNPs lead to a significant reduction
of g(w) for SN-PAR in the middle and high frequency ranges.
This can be easily understood that the embedded GNPs as scat-
tering sources enhance the scattering of middle and high fre-
quency phonons. 8l However, the value of g(®) corresponding
to phonons frequencies lower than 2.5 THz is basically un-
changed in these two structures. This is because, in the process
of thermal transport, low frequency phonons with long mean
free path pass through GNPs in the way of ballistic transport
and are not scattered. [36-37]

It also can be seen from Fig. 6 that due to the resonance
hybridization effect of the nanopillars, g(®) of SN-PIL in the

whole spectrum is lower than SN. However, the reduction
of g(®) of SN-PIL is different from that of SN-PAR, firstly,
the reduction degree in the mid-high frequency range is not
as significant as that of SN-PAR. This suggests that although
the introduction of nanopillars introduces additional phonon-
boundary scattering, it is weaker than that of internal scatter-
ing induced by nanoparticles. The second difference is that
q(®) of SN-PIL decreases more significantly than that of SN-
PAR in the frequency range below 2.5 THz. This is attributed
to the fact that the nanopillars reduce the group velocity, re-
laxation time and mean free path of phonons through the res-
onance hybridization effect, which is more effective in sup-
pressing low frequency phonons. 3341 Notably, the simulta-
neous introduction of nanopillars and GNPs of SN leads to a
significant reduction of ¢(®) over the whole frequency range.
This further demonstrates that phonon resonance and phonon
scattering can complement each other to achieve synergistic

inhibition of low and high frequency phonon transport.

{E— SN 1.5
- — SN-PAR
- - -SN-PIL 1.0
6L —PAR-PIL
0.5
Nt
4+ 0.5 1.0 1.5 2.0 2.5 3.0

Frequency (THz)

Spectral heat flux ¢(w) (GW-m~2THz 1)

o

10 15
Frequency (THz)

Fig. 6. Spectral heat flux of the four structures.

In order to elaborate the mechanism of TC reduction in
more detail, phonon dispersion curves and group velocities
of SN, SN-PIL, SN-PAR and PAR-PIL are calculated by the
general utility lattice program (GULP) code!*!! and the vibra-
tional intrinsic modes of phonons are analyzed. Since local
resonance of phonons which mainly occurs at low frequency,
we focus on showing and analyzing dispersion below 3 THz. It
can be seen from the dispersion curves, as shown in Figs. 7(a)
and 7(d), that have large differences between different struc-
tures. Compared with SN, the dispersion curves of SN-PIL
are almost constant, which is an evidence of phonon local res-
onance. The dispersion plot of SN-PAR shows that the embed-
ding of GNPs has almost no effect on phonon patterns below
0.8 THz, but causes a lot of flattening of curves and phonon
hybridization above 0.8 THz. This indicates that the embed-
ding of nanoparticles will not only cause scattering of high-

frequency phonons, but also resonance and hybridization of
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low-frequency phonons. However, the frequency of affected
resonance phonons is higher than that of nanopillars. The dis-
persion plots of PAR-PIL and SN-PIL are almost the same
and compared with SN-PAR the heterogeneity caused by the
nanoparticles in PAR-PIL disappears, which indicates that the
nanopillars suppress the influence of nanoparticles on low fre-
quency phonons when the nanoparticles and nanopillars are
combined. We know that the flatness of the dispersion curve
represents the decrease of the phonon group velocity, and the
change of the group velocity of the corresponding structure
can be intuitively observed in Figs. 8(a) and 8(d). As can be
seen from the figure, both nanoparticles and nanopillars signif-
icantly reduce the group velocity of low-frequency phonons in
a certain range based on the phonon resonance. But the two
structures also reduce the group velocity of high-frequency
phonons, which is mainly due to the hybridization of low-
frequency resonant phonons to high-frequency phonons. In
Fig. 8(d), no matter the high frequency optical branch or the
low frequency acoustic branch, the group velocity of PAR-
PIL is the lowest in the whole frequency range, which further
proves that nanopillars and nanoparticles can jointly reduce
TC of SN.

3.0p——= 3.0 3.0pm—r 3.0
(a) (b) (c) (d)

2.5 2.5 2.5 2.5
N N N N
= 2.0 T 2.0 = 2.0 T 2.0
g g g )
> I I >
215 2 1.5 2 1.5 2 1.5
5} 5} 5} 5}
= =) =] =
g g g g
= 1.0 ) 1.0 = 1.0 = 1.0

0.5 0.5 0.5 0.5

OF M O[‘ M OF M OF M

Fig. 7. Phonon dispersion of (a) SN, (b) SN-PIL, (c) SN-PAR and (d) PAR-
PIL.
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Fig. 8. Phonon group velocities of (a) SN, (b) SN-PIL, (c) SN-PAR and
(d) PAR-PIL.

In order to further study the phonon transport behav-
ior, we calculate the PPRs of SN, SN-PAR, SN-PIL and
PAR-PIL, as shown in Fig. 9.
PPRs correspond to the stronger phonon localization, which

It is known that smaller

leads to smaller TC. It can be seen that the introduction of
nanoparticles mainly reduces the participation ratios of high-
frequency phonons (8 THz—-16 THz), while the introduction of
nanopillars decreases the participation ratios of low-frequency
phonons more (0 THz—5 THz). PAR-PIL combines precisely
phonons localization in both SN-PAR and SN-PIL structures,
and the PPRs value is the smallest in the whole frequency
range. Therefore, compared with SN, SN-PAR, SN-PIL and
PAR-PIL all exhibit different degrees of localization, and the
localization degree of PAR-PIL is the most obvious. This is
consistent with the lowest TC value of PAR-PIL.

1.0

@SN
, 9 SN-PAR
o R
o A" Q -
3 %3 9”
= 0.6r ) j’
£ 2 9 %at ° o
& S8 2 0 %9
O 0.4r 9
3 v
P 3 '{)8 Y §§%
a, @
of g
i’ %
0_

Ny

8 12 16 20
Frequency (THz)

Fig. 9. Phonons participation ratios versus phonon frequency for SN,
SN-PAR, SN-PIL and PAR-PIL.

The number and height of nanopillars are important
factors affecting the heat transport of SNs, and previous
studies!!”-'8] have fully concluded that the TC of SN decreases
with increasing the number and height of nanopillars. This is
due to the fact that higher and more nanopillars further reduce
the phonon group velocity through the increase of phonon res-
onance hybridization. The TC is also closely related to the
number and diameter of embedded GNPs,342 5o our main
work in this section is to study the influence of the number
and diameter of nanoparticles on the TC of PAR-PIL when the
number of nanopillars remains unchanged. Figure 10 shows
the variation of TC of PAR-PIL with the diameters and num-
bers of GNPs, it can be seen that the TC shows a monotonic
decreasing trend with the nanoparticle number and diameter,
respectively. As the diameter and the number of GNPs in-
crease, the TC decreases significantly and the maximum re-
duction is up to 55%. The reduction in TC can be easily ex-
plained that both the increase of nanoparticle number and size
enhance phonon-interface scattering, thus leading to the re-
duction of TC.[4243]
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Fig. 11. Effects of temperature on TC of the four structures.

In addition, we explore the effect of temperature on TC.
Figure 11 shows the variation of TC of SN, SN-PAR, SN-
PIL and PAR-PIL with temperatures from 300 K to 800 K,
and the four structures have obvious differences in temper-
ature dependence. The TC of SN decreases with increasing
temperature and exhibits a strong anharmonic effect. This is
due to the dominance of Umklapp scattering in heat transport
with increasing temperature,*¥ resulting in a 1/7T trend of
TC versus temperature. The dependence of TC on tempera-
ture is smaller in SN-PAR and SN-PIL compared to the case
of SN. One reason for the decreased temperature effect is that
the placement of particles and pillars breaks the crystal struc-
ture and makes the material tend to be amorphous. One reason
for the diminished temperature effect is that the introduction
of nanopillars and nanoparticles disrupts the crystal structure
and tends to amorphize the material. Another reason is due to
the fact that the embedded GNPs scatter most of the middle
and high frequency phonons, while the temperature increase
can only make the fewer high frequency phonons in SN-PAR
produce anharmonic properties and have a smaller effect on
the TC. The variation of TC of SN-PIL with temperature is
similar to that of SN-PAR, because resonance mainly blocks
low-frequency phonons, while the high-frequency modes are
only partially blocked and the anharmonicity can still disperse

the remaining high-frequency phonons. It can be easily seen

that PAR-PIL is insensitive to temperature and the combined
effect of nanopillars and GNPs is an important reason for this
phenomenon. This will facilitate the improvement of the ther-
moelectric properties of Si—-Ge materials and their application
in different temperature scenarios.

4. Conclusion and perspectives

The effects of nanopillars and GNPs on the thermal trans-
port of SNs are investigated based on NEMD simulations. It
is found that both nanopillars and GNPs can effectively block
phonons transport and significantly reduce the TC. The analy-
sis of spectral heat flux shows that GNPs reduce the TC mainly
by scattering the middle and high frequency phonons, and have
little effect on the low frequency phonons as they transport bal-
listically. The phonon dispersion relation and group velocity
indicate that the nanopillars reduce the speed of the phonon
group significantly and effectively block the heat transport
of low frequency phonons through the resonance hybridiza-
tion effect. The co-introduction of nanopillars and GNPs can
synergistically regulate phonon transport in the full frequency
range by complementing phonon resonance and phonon scat-
tering to achieve extremely low TC. This indicates that the rea-
sonable combination of different nanostructures can regulate
phonon transport more effectively than the introduction of a
single nanostructure. The reduction of TC caused by nanopil-
lars and GNPs is closely related to the number and size of
GNPs, the system length and temperature. The results show
that the targeted structural design based on the particle and
wave nature of phonons can more effectively hinder the trans-
port of phonons and provide a feasible way to effectively reg-
ulate the TC of materials.
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