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ABSTRACT

Recent studies have shown that the construction of nanophononic meta-
materials can reduce thermal conductivity without affecting electrical
properties, making them promising in many fields of application, such as
energy conversion and thermal management. However, although extensive
studies have been carried out on thermal conductivity reduction in
nanophononic metamaterials, the local heat flux characteristic is still
unclear. In this work, we construct a heat flux regulator which includes a
silicon nanofilm with silicon pillars. The regulator has remarkable heat
flux regulation ability, and various impacts on the regulation ability are
explored. Surprisingly, even in the region without nanopillars, the local
heat current is still lower than that in pristine silicon nanofilms, reduced
by the neighboring nanopillars through the thermal proximity effect. We
combine the analysis of the phonon participation ratio with the intensity
of localized phonon modes to provide a clear explanation. Our findings
not only provide insights into the mechanisms of heat flux regulation by
nanophononic metamaterials, but also will open up new research directions
to control local heat flux for a broad range of applications, including heat
management, thermoelectric energy conversion, thermal cloak, and ther-
mal concentrator.
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1 Introduction potential has been demonstrated for controlling thermal
conductivity by nanophononic metamaterials with artifi-

Electronic devices have become more power dense in cial structures on the nanoscale in recent years.

recent decades, thus improving the control of thermal
conduction at the nanoscale has become a topic of
particular interest. In addition to thermal management,
understanding thermal conduction on the nanoscale is
also critical in other fields of application, such as ther-
moelectric energy conversion [1-3]. A great deal of
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Nanophononic metamaterials have been shown to signifi-
cantly reduce thermal conductivity in pillared thin films
at nanoscale for the first time by Davis and Hussein [4].
In such a structure, there is strong resonance hybridization
between phonons in the nanopillars and in the thin film,

which results in a reduction in the group velocity of
R
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phonons [5]. Theoretical and simulation works demonstrate
that the thermal conductivity is reduced by the flat
hybridization bands induced by the nanopillars,
combined with Bragg scattering when the nanopillars
are arranged periodically [6-9]. In addition, Yudistira
et al. [10] and Li et al. [11] designed GHz hypersonic
nanophonon metamaterials based on nanoscale pillars,
and also observed the local resonance hybridization
effect.

A Dbetter knowledge of thermal conduction in
nanophononic metamaterials definitely can facilitate
their related applications. There have been numerous
studies conducted on designing different nanophononic
metamaterials and understanding the thermal conduction
mechanism. Based on the phonon resonance hybridization
mechanism, Wan et al. [12] designed graphene nanoribbons
with pillared nanostructures to tune their thermal
conductivity by isotope, which lead to a relative increase
compared to the nominal nanophononic metamaterial
configuration. Furthermore, Wang and co-workers [13]
investigated the effects of imperfections on the thermal
conductivity of graphene nanoribbons with pillared
nanostructures. It was found that introducing imperfec-
tions can weaken the resonant hybridization strength as
well as increase thermal conductivity. Aside from the
reduction of thermal conductivity, it was found [5, 14]
that in silicon thin films with surface nanostructured
pillars, the in-plane thermal conductivity is anisotropic,
although silicon is isotropic material. Hu and co-workers
[15] studied the thermal conductivity of a silicon matrix
with a germanium-nanoparticle array embedded and
found similar flat hybridization bands in phonon disper-
sions. Zhang et al. [16] further designed a mnovel
nanowire structure through a screw threadlike helical
nanowall. In this structure, because the helical nanowall
has a large contact area, it can result in strong resonance
and a 36% reduction in thermal conductivity. Anderson
localization of phonon propagation and remarkable
reduction in thermal conductivity was also observed in
aperiodic superlattices [17] and graded superlattices with
short-range order [18]. In spite of studies that have
improved the understanding of thermal conduction in
nanophononic metamaterials [19-22], however, these
previous works focused on the thermal conductivity of
the whole structure. Although extensive studies have
been carried out on thermal conductivity, the local heat
flux characteristic is still unclear.

In this study, an example of a nanoscale phononic
structure including a silicon nanofilm with silicon pillars
is used to investigate the effects of nanoscale phononic
metastructures on local heat current properties. Surpris-
ingly, even in the region without nanopillars, the local
heat current is still lower than that in pristine silicon
nanofilms. In our molecular dynamics (MD) simulation,
we combine the analysis of the phonon participation
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Fig. 1 The schematic of the configurations of the regulator,
the functional region is constructed by nanopillars arranged
periodically. Specific parameter information is shown in the
main text.

ratio with the spatial distribution of specific modes to
provide a clear explanation. The present work would
promote thermal engineering by localization via
nanophononic metamaterials.

2 Model and calculation method

The schematic of the configurations of the heat flux
regulator is shown in Fig. 1. In the regulator, three
regions are defined: the functional region (nanopillars-
region), the pristine region far away from the functional
region (A-region), and the region at the center of the
functional region although no nanopillars existed in this
region (B-region). Here, we adopt the non-equilibrium
MD simulation to study the heat flux regulation of regu-
lators using the LAMMPS packages [23]. In all MD
simulations, to describe the interaction among Si atoms,
Stillinger—-Weber potential [24] is used. The whole
system is firstly energy minimized, and then all atoms
are given an initial velocity corresponding to 300 K
which obeys the Gaussian distribution. They are relaxed
in the canonical (constant atom number, volume,
temperature, NVT) ensemble for 100 ps. Next, the
atoms in the two ends (the fixed region in Fig. 1) are
fixed. Here periodic boundary condition is applied along
y- and zdirection (please refer to Fig. 1), fixed boundary
condition is only applied along z-direction. A temperature
gradient along the z-axis is established by placing atoms
close to the two fixed regions into Nose-Hoover thermostats
at 320 K and 280 K, respectively [See the Electronic
Supplementary Materials (ESM)]. After that, molecular
dynamics simulations are conducted for 2 ns to ensure
that the system reaches a nonequilibrium steady state
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Fig. 2 Heat flux and temperature profiles of the regulators and pristine silicon films. (a—c) The heat flux profile, (d—f) the
temperature profile. (a, d) The pristine silicon film, (b, e) the nanopillar height is 25 UC, and (c, f) the nanopillar height is

50 UC.

with a time-independent temperature gradient and heat
flux. Detailed information on temperature and heat flux
calculation can be found in the supplemental informa-
tion.

We show the representative model configurations of
suspended silicon nanofilms with surface nanoscale
pillars in Fig. 1. Our nanofilms are created by cleaving
bulk Si supercells in the direction of [001] to construct
pristine surfaces. To construct the nanofilm, a Si cubic
unit cell (UC) is replicated: the pristine nanofilm is
made up of 6 UC (thickness), 100 UC (length), and 80
UC (width). For the regulator, the side width of the
nanopillar is 4 x 4 UC, with a spacing of 1 UC, and
tunable heights (25 and 50 UC). For comparison, the
pristine silicon film is also considered. Except for the
thermostat and the fixed regions, the system is divided
into 40 x 40 small blocks to calculate heat flux and
temperature profile.

Table 1 The ratio of heat flux with different regulators.

3 Results and discussion

3.1 The heat flux proximity effect

Figure 2 illustrates the profile of temperature and heat
flux. The pristine silicon nanofilm has a uniform distri-
bution of temperature from the hot to the cold bath. In
the pristine silicon film, the heat flux is distributed rela-
tively uniformly along the z-axis. However, in the two
regulators, local heat flux in the central regions is kept
extremely low.

To quantitatively evaluate the ability of heat flux
regulation, we calculate the local heat flux in regions A
and B (as shown in Fig. 1) and define the ratio of heat
flux (RHF) as RHF = Jg/Js. As shown in Table 1, the
RHF is 1 in the pristine silicon film and less than 1 for
both regulators. Therefore, in the B-region, although no
nanopillars exist in this region, its local heat flux is obvi-

Film thickness Nanopillar width Nanopillar height Nanopillar spacing Number of The ratio of heat flux
(UC) (UC) ucC ucC nanopillars (RHF)
6 0 0 0 0 1
6 4 25 1 22 0.786
6 4 50 1 22 0.714
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Fig. 3 The heat flux spatial distribution of the regulator in region P1-P7 with the nanopillar height is 50 UC.

ously lower than that of the pristine region. Moreover,
with the height of the nanopillar increasing, the heat
flux regulation efficiency increases. For example, when
the height of the nanopillar increases from 25 to
50 UC, the RHF decreases from 0.786 to 0.714.

In previous theoretical and experimental reports
[4-11], the nanophononic metastructure can induce an
obvious reduction in thermal conductivity by the mecha-
nisms of Bragg diffraction and phonon flat hybridization
bands. However, here we find that in the region without
nanopillars, local heat flux also can be reduced by the
neighboring nanopillars, with such phenomenon having
characteristics similar to the proximity effect. The ability
to control heat flux locally has attracted extensive
research interest in recent decades and based on trans-
formation thermotics various thermal functional devices
are proposed [25-27], including thermal cloak, thermal
concentrator, and thermal rotator. In these thermal
devices, inhomogeneous materials should be combined in
a certain pattern, and even “negative” thermal conduc-
tivity may be required to realize the expected function.
On the other side, in this work, the host silicon film is a

homogeneous material, and the non-uniform heat flux
distribution can be realized by surface coating with
nanopillars. It is worth noting that in experiments, such
nanopillars could be fabricated using vapor—liquid—solid
processes [28], dry etching [29], and wet etching [30].
Therefore, the suggested configuration and heat flux
control in our work may be achieved with existing
nanotechnology.

Furthermore, we calculate the location-dependent
heat flux distribution along the y-axis, in arrays P1-P7.
Figure 3 shows the results of the regulator with the
nanopillar height of 50 UC, and the results of the other
structures are shown in the supplemental information.
As shown in Fig. 3, in regions of P5-P7, the local heat
flux along the gy-axis is spatially homogeneously
distributed. On the other side, in regions P2 & P3, the
local heat flux in the central region is obviously lower
than in the pristine section. The commonly accepted
explanation of the mechanism behind the reduction is
that nanophononic metastructure can induce flat phonon
bands and strong Bragg diffraction [4-11].

However, in regions P1 & P4, particularly in P1,
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Fig. 4 (a) The mode participation rate of the regulators and pristine silicon nanofilm. (b) The intensity of localized

phonon modes in regulator with the nanopillar height of 50
modes, the lower the MPR.

compared with the pristine section, there is a dramatic
reduction in local heat flux in the central part, although
no nanopillars is existing there. Clearly, the nanopillars
induce the heat flux proximity effect. Here we define the
inhomogeneity ratio (a) a = Jmia/ Jedge, Where Jeqge is the
average heat flux at the edges (—40 to —20 UC and 20 to
40 UC along the y direction, for details, please refer to
Fig. 1) and Jyq is the average heat flux at the center
(-10 to 10 UC along the y-axis). The heat flux at the
center is 0.74 of that at the edges, indicating that the
heat flux regulation is achieved due to the presence of
the nanopillar around the studied section.

3.2 Phonon localization phenomenon

In this section, we use phonon localization theory to
explore the underlying mechanism. In the different
systems, we choose the same region (20 x 20 UC) adjacent
to the nanopillars for calculating velocity autocorrelation,
and the autocorrelation time is 30 ps. The Fourier trans-
forms of velocity autocorrelation functions can be used
to calculate the phonon density of states (PDOS) [31],

as follows:
\/ﬁ/ e iwt <Zv] v, ( >dt (1)

where o is the phonon frequency, N is the number of
atoms, and vis the velocity vector. The mode participation
rate (MPR) is calculated based on the PDOS [32],

PDOS (w)

, (2)

where PDOS; () is the phonon density of states at

UC. The larger the value of the intensity of localized phonon

specific atomic 7 locations according to Eq. (1).

As a measurement of the fraction of atoms involved in
a particular mode, the mode participation rate can be
used to determine the delocalized and localized modes,
which provides detailed information on the effect of
localization for each phonon mode. Figure 4(a) compares
the mode participation rates of the two regulators with
that of the pristine film. The mode participation rates of
both low-frequency and high-frequency phonons are
reduced in regulators compared with the pristine film.
Most mode participation rates in the perfect films are
higher than 0.5 and exhibit the characteristics of a delo-
calized nature, whereas the majority of mode participation
rates in regulators are less than 0.5 and exhibit the char-
acteristics of localized mode. Thus, the nanopillars
region hinders phonon transport.

Furthermore, to obtain specific position information
about phonon localization, we also calculate the intensity
of localized phonon modes (A € MPR < 0.4) [33, 34]:

/ PDOS;,dw
A

¢io¢,A = ; (3)
/ PDOS;,dw
A

1<iKN

where a = z, y, and z. In the calculation, we average ¢,
over all atoms with the same z/y and plot the distribution
of the localized phonon modes in the zy-plane. We
choose the same computational domain as presented in
Fig. 4(a). Figure 4(b) shows the intensity of localized
phonon modes in the regulator with the nanopillar
height is 50 UC. The results of the other regulators are
shown in the supplemental information. In general, a
higher value of ¢, means a stronger localization of the
phonon mode at the ith atom. It is clear that the localized
modes are distributed in the functional region, and it is

Jian Zhang, et al., Front. Phys. 19(2), 23204 (2024)
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Fig. 5 The heat flux (a) and temperature (b) profile of the regulator when the host nanofilm thickness is 10 UC.

low in the pristine region and even in the center of the
functional region. In the calculation of intensity of localized
phonon modes, only the base film is considered, and the
low MPR is due to the local resonance effect between
the nanopillars and the base film. These results provide
a direct demonstration that localization takes place
within the functional regions. Although there is no obvious
localization mode in the central region, its local heat
flux is significantly reduced due to the proximity effect
induced by the nanopillar region.

3.3 Impact of the thickness of host nanofilm

Hossein et al. [5] found that the height of the nanopillars,
their spacing, and the arrangement of the inhomogeneous
height, have significant effects on the thermal conductiv-
ity. In this section, we investigate the effect of host
nanofilm thickness on the ability of the regulator to tune
heat flux. We choose a regulator with the nanopillar
height is 25 UC (as discussed in Section 3.1) and
increase the host nanofilm thickness to 10 UC. Figure 5

102 W-m
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illustrates the temperature and heat flux profiles. In the
regulator, local heat flux in the central regions is kept
extremely low. In addition, its RHF is 0.824, which is
higher than the regulator with host nanofilm thickness
of 6 UC. We present the spatial distribution of heat flux
in P1-P7 in Fig. S4 of the ESM. The heat flux in the
center gradually increases from P1 to P7, and the inho-
mogeneity ratio in section P1 is 0.82, which is also
higher than the regulator with host nanofilm thickness
of 6 UC. We speculate that this is due to the weakened
localization of the host nanofilm due to the increased
film thickness. Therefore, increasing the thickness of the
host nanofilm can suppress the heat flux regulation abil-

ity.

3.4  Impact of the number of nanopillars

In the previous section, we investigate the effect of host
nanofilm thickness on the ability to regulate heat flux.
In this section, we fix the thickness of host nanofilm as 6
UC, and the height of nanopillars is 25 UC, while reduce
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Fig. 6 The heat flux (a) and temperature (b) profile of the regulator with the nanopillar row is 1.
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the number of nanopillars from 22 to 16 to study its
impact on heat flux regulation ability. Figure 6 illustrates
the temperature and heat flux profile. Overall, local heat
flux in the functional regions is kept extremely low,
demonstrating the phenomenon is independent on the
detailed configuration of the regulator. However, for this
case, its RHF is 0.907, which is higher than the regulator
with two rows of nanopillars. The spatial distribution of
heat flux in P1-P7 is shown in Fig. S5 of the ESM.
Therefore, in the heat flux regulator design, increasing
the rows of nanopillars, increasing the height of nanopil-
lars, and reducing the host nanofilm thickness, are
preferred to obtain high heat flux regulation ratio.

4 Conclusion

In summary, through molecular dynamics calculations,
we find that nanophononic metamaterials can realize
heat flux regulation. In addition, the height of the
nanopillars, the thickness of the host nanofilm, and the
number of nanopillars have remarkable impacts on the
heat flux regulation ability. The underlying mechanism
is the phonon localization of the nanopillars region due
to the resonance hybridization effect of the nanopillars
and the host material. Furthermore, we found that the
metastructures can control heat flux even in the region
without nanopillars, through proximity effect. Our work
provides theoretical insights into the design and application
of nanophononic metastructures.
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