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Spectral analysis of coherent and incoherent phonon transport in silicon nanomeshes
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In this paper, we investigate the spectral thermal transport properties of silicon nanomeshes (SNMs) with large
and small holes arranged periodically, aperiodically in the x direction (ap-x), and fully aperiodically (ap-xy).
Our simulations reveal a significant reduction in thermal conductivity (k) of small-hole SNMs due to ap-x
aperiodicity, in contrast with large-hole SNMs. Spectral phonon analysis indicates that low-frequency phonons
in small-hole SNMs are notably suppressed by ap-x aperiodicity, like one-dimensional superlattices. Spectral
energy density analysis shows the existence of well-defined coherent phonon modes in small-hole SNMs in
the 0-3 THz range; spectral thermal conductivity analysis shows that these modes transport ballistically in the
SNM. In contrast, ap-x aperiodicity has negligible impact on large-hole SNMs, attributed to hindered coherent
phonon formation. Surprisingly, low-frequency phonons in small-hole SNMs demonstrate enhanced heat transfer
capabilities compared with large-hole counterparts, highlighting coherent phonon behavior. Finally, while the
heat flux splitting and shape factors effectively categorize « for large-hole SNMs, their utility is limited for
small-hole SNMs, emphasizing the importance of coherent phonon considerations in thermal transport analysis.
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I. INTRODUCTION

Nowadays, the rapid evolution of miniaturized electronic
and optoelectronic devices has heightened the demand for
effective thermal management strategies. Furthermore, ad-
vancements in thermoelectric materials, thermal insulating
materials, and other materials for thermal applications ne-
cessitate a deliberate design approach toward the thermal
transport properties of micro-/nano-sized structures. Under-
standing the underlying physics of heat transfer in these
materials is crucial. Notably, many modern devices or ma-
terials exhibit secondary periodicity or quasiperiodicity. For
instance, superlattice (SL) structures utilized in quantum cas-
cade lasers exhibit pronounced periodicity in their lattice
structure. Similarly, in very large-scale integrated circuits,
components are arranged in a manner that demonstrates cer-
tain local and long-range periodicity, often at length scales
comparable with the mean-free path of heat carriers.

In the last decade, there has been growing acknowledg-
ment of two distinct phonon transport characteristics within
materials, particularly those exhibiting secondary periodicity:
coherent phonons, displaying significant wavelike behaviors,
and incoherent phonons, behaving akin to particles [1-8]. To
comprehend these phenomena, researchers have investigated
two primary types of nanostructures. The first type includes
SLs comprising alternating layers of different materials, or-
ganized in a one-dimensional (1D) arrangement [1,3,4,9,10].
The second type comprises nanomeshes (NMs) characterized
by micro-/nano-sized through-holes distributed across a two-
dimensional (2D) plane [11-16].

While both SLs and NMs have been subjects of investiga-
tion regarding potential coherent phonon transport behaviors,
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it is important to note their substantial differences in this
context. Specifically, in SLs, the interfaces—acting as the pri-
mary scatterers of phonons—span the entire cross-section of
phonon transport. As a result, SLs provide a clean and clear-
cut system for illustrating the transmission, reflection, and
interference of phonons [17-19]. In contrast, NMs feature
holes distributed on a 2D plane, leaving spaces of solid
material between holes and even continuous channels that
allow nearly free phonon transport, akin to a pure material
or nanowire. Consequently, phonons in NMs do not neces-
sarily encounter scattering from the holes, as illustrated in
Figs. 1(a)-1(c). It is evident that SLs offer a more straightfor-
ward system for showcasing phonon coherence. Nevertheless,
NMs present a more intricate challenge, allowing for a de-
tailed exploration of phonon transport, scattering, and even
localization—factors that play a crucial role in various appli-
cations, such as energy storage and conversion [20,21].
Coherent phonons, stemming from phonon wave effects,
significantly influence lattice thermal conductivity (k) by
altering phonon band gaps, group velocities, and other param-
eters [1,22,23]. Extensive prior research has elucidated these
effects, underscoring their pivotal role in thermal transport
phenomena. Notably, Yu et al. [11] found a nearly one-
order-of-magnitude lower x of silicon NMs (SNMs) than
silicon thin films of the same size, attributing the ultralow
k of the former to the formation of additional coherent
phonons through Brillouin zone folding, which significantly
reduces phonon group velocities, like the case of 1D SLs [1].
Hopkins et al. [24] found that the ultralow values of «
of SNMs substantially deviate from theoretical predictions
based solely on hole-boundary phonon scatterings. Investiga-
tions into the phonon density of states revealed significant
disparities from those of bulk silicon, providing evidence
for the emergence of additional phonon dispersion relations
attributed to coherent phonon formation. Furthermore, the
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FIG. 1. Schematics of the silicon nanomesh (SNM) structures
and the domain setup of nonequilibrium molecular dynamics
(NEMD) simulation in LAMMPS. Large-hole SNMs with distinct hole
arrangements: (a) A typical periodic SNM featuring periodically
arranged holes. (b) A representative ap-x SNM with randomly dis-
tributed holes exclusively along the x direction. (c) A representative
ap-xy SNM with randomly distributed holes along both x and y
directions. (d)—(f) Three hole arrangements for small-hole SNMs.
(g) NEMD domain setup, where Ly,n (34 nm) denotes the length
of the heat bath, and L (65 nm) represents the device length. The hot
and cold baths maintain temperatures at 7 + AT /2 and T — AT /2,
respectively, where T = 300 K and AT = 60 K. g, represents the
heat flux in the device.

notable experiments by Zen et al. [12] on silicon nitride (SiN)
NDMs at temperatures <1 K revealed a substantial suppression
of phonon transport compared to bulk SiN. This suppression
was attributed to coherent modification of the phonon band
structure induced by the periodic holes in SiN NMs. Alaie
et al. [13] provided additional experimental evidence of co-
herent phonon boundary scattering at room temperature in
submicron-sized SNMs, demonstrating its significant impact
on reducing «. Wagner et al. [14] conducted experiments
on SNMs with varying surface roughness and aperiodic hole
distributions. Their findings revealed that aperiodicity in hole
locations can modify phonon dispersion relations and co-
herence in the hypersonic (GHz) range without significantly
impacting room-temperature k. Additionally, they observed
that phonon coherence remains intact when surface roughness
is <% of the phonon wavelength but is disrupted beyond %
of the phonon wavelength.

Through the aforementioned studies and others not ex-
plicitly discussed, it becomes evident that coherent phonons

can significantly influence the thermal transport properties of
NMs. However, this influence is subject to various structural
and thermodynamic considerations [25,26]. Consequently, the
manifestation of phonon coherence in patterned films or NMs
is not assured. While coherent phonon behaviors are observed
in some cases, more frequently, phonons exhibit incoherent
behaviors, resembling particles rather than coherent waves.
For instance, in a comparative study by Lee ez al. [15] between
periodic and aperiodic SNMs, no significant difference in
k was observed between the two structures, suggesting the
limited importance of phonon coherence in this context. In
the study by Maire ef al. [27] on the temperature-dependent
behavior of SNMs with varied degrees of disorder in hole
locations, it was observed that, while periodic SNMs showed
suppressed thermal transport compared with aperiodic ones at
4 K, attributed to coherent phonon scattering, this difference
diminished at higher temperatures and vanished completely
at 300 K. This trend suggests that phonon interference pre-
dominantly occurs in ordered phononic crystals only at low
temperatures.

Theoretical and computational methods have provided
insights into phonon thermal transport in NMs. Molecular dy-
namics (MD) simulations have highlighted the dependence of
« on hole shapes, and phonon scattering and localization have
been identified as influencing factors [26,28,29]. Additionally,
MD simulations of graphene NMs (GNMs) with periodic and
aperiodic holes have shown a transition from incoherent to
coherent thermal transport as the period length decreases [30].
Howeyver, it is notable that, while most MD studies found the
k of aperiodic NMs to be less than or similar to that of their
periodic counterparts, this contradicts some experimental
findings indicating that the periodic structure minimizes
due to coherent phonon backscattering [15]. In a recent study
using Boltzmann transport simulations, a genetic algorithm—
driven approach identified GNM structures with higher «
than their periodic counterparts. However, the increased
k appears to result from enhanced transport of incoherent
phonons rather than enhanced coherent phonon transport
[31]. Moreover, a comparison between MD and Boltzmann
transport equation (BTE) results by Wei et al. [32] showed that
the coexistence of coherent and incoherent phonon behaviors
in periodic and aperiodic GNMs collectively determines their
k. This phenomenon resembles the behavior observed in
1D SLs, where the coexistence of coherent and incoherent
phonons leads to ballistic thermal transport in SLs and more
complex thermal transport behaviors in aperiodic structures
[3,4,33-36].

Despite extensive experimental, theoretical, and computa-
tional investigations into phonon behaviors in NMs, several
crucial aspects remain unclear. In this paper, we aim to tackle
the following unresolved questions. First, how do different
phonon modes in NMs propagate—coherently or incoher-
ently, ballistically or diffusively? Secondly, how does the
aperiodicity in hole locations impact different phonon modes?
Which modes are prone to be suppressed by such aperiod-
icity? Thirdly, what is the influence of hole size on phonon
coherence? While some of these questions, such as the sec-
ond and third ones, have been partially addressed through
experiments or modeling studies [30], they have primarily fo-
cused on overall thermal transport properties like « or thermal
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decay rate. A comprehensive understanding of phonon be-
havior on a mode-by-mode basis could significantly enhance
the design of phonon engineering strategies to better regulate
thermal transport in NMs.

This paper is structured as follows. In Sec. II, we out-
line the computational methodologies employed, including
equilibrium MD (EMD) and nonequilibrium MD (NEMD)
for calculating bulk-limit and length-dependent « of SNMs,
and spectral phonon analysis methods; we also introduce
the model systems. Section III A details MD results of «
for SNMs with different aperiodicities and hole sizes. Sec-
tion III B elucidates the effect of holes on spectral phonon
transport. Sections IIT C and III D discuss the effect of device
length on spectral phonon transport in large- and small-hole
SNMs, respectively. Sections IIIE and IITF investigate the
effectiveness of heat flux splitting and shape factor in cate-
gorizing SNM «. Finally, we conclude this paper in Sec. IV.

II. METHODOLOGY
A. EMD

We perform EMD simulations using the LAMMPS package
[37] with the interatomic interactions between silicon atoms
described by the Stillinger-Weber potential [38]. The SNM
structure simulated in our EMD simulations for « has 110,
110, and 2 conventional unit cells of silicon in the length
(x), width (y), and thickness (z) directions, corresponding to
59.7 x 59.7 x 1.1 nm. A simulation time step size of 0.5 fs is
utilized, and periodic boundary conditions are imposed in all
three dimensions. In the initial relaxation process, the system
temperature is gradually elevated from 5 to 300 K over a
duration of 1 ns using a Nosé-Hoover thermostat and barostat
in the NPT ensemble. Subsequently, an additional 2 ns of
constant NPT integration is conducted to ensure the system is
relaxed at 300 K. The heat fluxes are then recorded for 7.5 ns
within the microcanonical (NVE) ensemble. These fluxes are
then utilized in Green-Kubo calculations to evaluate the « of
SNM along the heat flow direction. Specifically, « along the x
direction can be calculated as [39]

V o0
=g /0 UL (0:(0)) di. (1)

where kg is the Boltzmann constant, 7' is the ambient tem-
perature, V is the system volume, ¢ is the time, and J, is the
heat flux in the x direction. Here, (J,(¢)J,(0)) is the heat flux
autocorrelation function.

B. Model systems

Figure 1(a) depicts the periodic large-hole SNM studied
in this paper, where each through-hole is ~7.2 x 7.2 nm.
Accordingly, the unit cell of the periodic large-hole SNM is
12 x 12nm, containing one hole, corresponding to a period
length of 12 nm in both the x and y directions, as denoted
in Fig. 1(a). Figure 1(d) displays the periodic small-hole
SNM studied in this paper, with each hole measuring ~1.5 x
1.5 nm. The unit cell of the periodic small-hole SNM, contain-
ing a small hole, is 2.2 x 2.2 nm, much smaller than that of the
large-hole counterparts. Notably, when generating small-hole

SNMs, we ensured that both large- and small-hole SNMs have
the same porosity.

Figures 1(b) and 1(e) exhibit representative ap-x SNM
structures investigated in this paper, generated by shifting
holes in the corresponding periodic SNM by a random dis-
tance only along the x direction. Similarly, the ap-xy SNMs
in Figs. 1(c) and 1(f) are obtained by displacing the holes in
the corresponding periodic SNM by random distances along
both the x and y directions. Notably, the displacements of
holes in the x and/or y directions are randomly generated,
following a uniform distribution between [—-4UC, +4 UC] for
large-hole SNMs and [—1 UC, +1 UC] for small-hole SNMs,
where UC denotes the size of the unit cell of silicon (5.43 A).
The statistical distribution of hole displacements is shown in
Fig. S9 in the Supplemental Material [40].

While it is not within the scope of this paper to investigate
how phonon properties vary with the extent of aperiodicity
in the ap-x and ap-xy SNM structures, it is important to
recognize its crucial impact. Multiple numerical studies, often
combined with machine-learning techniques, have explored
how aperiodicity affects the thermal conductivity of SNMs,
GNMs, and SLs [36,41], with the aim of minimizing k. The
general conclusion is that k can approach the minimized value
by simply randomizing the hole locations in NM structures
or the layer thicknesses in SLs. In this paper, we generate
the ap-x and ap-xy SNM structures by randomizing the hole
locations to the full extent (i.e., two holes can nearly meet
each other).

To further confirm that the hole locations of our ap-x and
ap-xy structures are well randomized, we generate two addi-
tional ap-x and ap-xy structures with different hole locations.
As shown in Table R1 in the Supplemental Material [40],
the «’s, predicted from EMD, of the three samples in each
case are similar, all significantly lower than the «’s of their
periodic counterparts. This confirms the sufficient disorder in
hole locations of our ap-x and ap-xy structures.

C. NEMD

The NEMD simulations in this paper adopt the same time
step size and boundary conditions as those in the EMD
simulations. The SNM structure simulated in our NEMD
simulations has 250, 110, and 2 conventional unit cells of
silicon in the length (x), width (y), and thickness (z) directions,
corresponding to 135.8 x 59.7 x 1.1 nm.

In NEMD, following the identical structural relaxation pro-
cess as described in Sec. II A, two 0.7-nm-thick layers [as
indicated in Fig. 1(g)] at the two ends of the model are frozen
as fixed boundaries. Subsequently, the simulation is switched
to plain time integration defined in LAMMPS for 7.5 ns to estab-
lish steady-state heat transfer, during which the hot and cold
baths (34 nm long for each bath) are maintained at 7 + AT /2
and T — AT /2, respectively. In this paper, T is set as 300 K,
and AT is 60 K.

The value of « is deduced from the steady-state heat current
and temperature gradient based on Fourier’s law:
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where A, = 59.7 x 1.1 nm is the cross-sectional area of the
device, which is independent of the porosity of the SNM. In
addition, g, is the steady-state heat current, L is the length of
the device, and AT is the temperature bias between hot and
cold baths.

D. Heat flux vector calculation

The per-atom heat flux vector, which provides insight into
location-dependent thermal transport inside the structure, can
be evaluated as

Tzl

in which i is the atomic index, e; is the per-atom energy
(potential and kinetic), v; is the atom velocity in a specific
direction, and S; is the per-atom stress tensor.

E. Spectral thermal conductivity

To investigate the predominant mechanisms influencing
phonon transport in various SNM structures, we perform
spectral phonon thermal conductivity analysis through NEMD
simulations. Specifically, the spectrally decomposed heat flux
in our NEMD simulations is calculated with Eq. (4) to quan-
tify spectral phonon heat flux [42,43]:

0w =YY -2

= ~ Timu@
iel jeR simu

> (i (@)Kl @) |, @)
o.fp

in which Q(w) is spectral heat flux; w is frequency; i and j
are, respectively, the atom indices in the left (L) and right
(R) part of the cross-section locating in the middle of the
device; tgmy is the total NEMD simulation time; « and B
are Cartesian coordinates with values of x, y, and z; D is the
Fourier transform of atom velocity; * denotes the complex
conjugate operator; and Ki";ﬁ is the force constant matrix.

Specifically, according to Eq. (4), we decompose the spec-
tra into contributions by each polarization in x, y, and z
directions as

2
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To ensure fair comparisons among SNMs of varying
lengths, spectral thermal conductivity k(w) arises as an
optimal parameter. It is calculated as

Q(®). ®)

Kk(w) =
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FIG. 2. Length-dependent « of silicon nanomeshes (SNMs) at
300 K. (a) « values obtained from both nonequilibrium molecu-
lar dynamics (NEMD) and equilibrium molecular dynamics (EMD)
for large-hole SNMs. (b) « values derived from both NEMD and
EMD for small-hole SNMs. (c¢) and (d) Parameter n, as defined in
Egs. (11a) and (11b), for large- and small-hole SNMs, respectively.

F. Spectral energy density analysis

Phonon spectral energy density (SED) quantifies the
kinetic energy of a phonon mode. It is defined on the time-
domain normal mode coordinates gy ,(¢) as [44,45]

3 n N,
B =33 /%ufx’b(t)e];:s* exp[ik-r)], (9
@« b1 ¢

where uf);” (t) represents the ath component of the displace-
ment of the bth-basis atom in the /th unit cell, m,; is atomic
mass, N, is the total number of primitive unit cells of the
entire system, ¢ is time, k denotes the wave vector, v is phonon
polarization, and ry is the equilibrium position of each unit
cell. Here, g ,(t) data are collected from EMD in the NVE
ensemble for 250 ps, ensuring a high resolution of 0.004 THz
for analyzing phonon properties in the frequency domain.
Subsequently, SED is calculated through Fourier transform
(F[-]) of the time derivative of gk ,(¢) as

Ck,v

2 N2,
(0 —og,) + (1c,) /4
where @y ,(w) is the SED, w is the angular frequency, and
C is a constant. The transformed data can be fitted with

the Lorentzian function to obtain the peak position a)f(‘!v and
phonon lifetime (7 ,).

P o (@) = | Flg o (])* = (10)

III. RESULTS AND DISCUSSIONS

A. The effect of hole size and periodicity on «:
EMD and NEMD results

Figure 2 illustrates the NEMD and EMD results for
k as a function of the device length L of both large-
hole (7.2 x 7.2nm?) and small-hole (1.5 x 1.5nm?) SNM
configurations, featuring periodic and aperiodic hole distribu-
tions. The NEMD results demonstrate the length-dependent
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behavior of SNMs, while the EMD data correspond to the bulk
limit « for each SNM structure [46].

In Fig. 2, we present results for two aperiodic structures:
the ap-x SNM, where holes exhibit aperiodicity solely in the
x (heat flow) direction, and the fully aperiodic SNM, denoted
as the ap-xy SNM. We chose to investigate the ap-x structure
to isolate the impact of aperiodicity in hole locations along
the heat flow direction on phonon transport. This configura-
tion mirrors the scenario of 1D aperiodic SLs, which exhibit
aperiodicity only in the interface locations along the heat
flow direction, known to suppress coherent phonon transport
[4,47,48]. In contrast, the fully aperiodic ap-xy SNM struc-
ture can reduce « through both y-direction (perpendicular to
heat flow) aperiodicity, which obstructs phonon transport in
the otherwise straight channels, and x-direction aperiodicity,
thereby complicating the mechanism underlying the reduction
ink.

As displayed in Fig. 2(a), the « values of both periodic
and ap-x large-hole SNMs increase with device length. No-
tably, the « of the 241-nm-long large-hole SNM is ~43%
lower than its bulk limit « for the periodic structure, and
it is ~29% for the ap-x structure. This suggests promi-
nent ballistic thermal transport characteristics. In contrast,
ap-xy large-hole SNMs exhibit almost constant x when the
device length surpasses 123 nm, with the x of the 241-nm-
long structure only ~6% lower than its bulk limit value,
indicating diffusive thermal transport and substantial phonon
scattering.

Results for small-hole SNM in Fig. 2(b) exhibit distinctive
features compared with large-hole SNM data in Fig. 2(a).
First, the « values for small-hole SNMs are notably lower
than those for their large-hole counterparts. Second, the « of
the 241-nm-long periodic small-hole SNM is lower than its
bulk limit value by as much as 57%, while it is only 43%
for the large-hole case [Fig. 2(a)], indicating stronger ballistic
phonon transport in the small-hole case. Third, unlike large-
hole SNMs, for which kperiodic & Kap-x» the « of small-hole
SNMs is significantly reduced by hole aperiodicity in the x
direction.

To quantify the effect of x-direction aperiodicity and block-
age (the additional y aperiodicity) on «, we define 1 as
Kap-x

Nx-aperiodicity = 1 - (11a)
Kperiodic
Kap-xy
Mblockage = 1 - . ¢! lb)
Kap-x

Here, nx.aperiodicity» COMPAring Kperiodic and Kap-x, quantifies the
impact of aperiodicity in the x (heat flow) direction on «,
while Nplockage, COMPAring kap.x and kqp.xy, assesses the effect
of aperiodicity in the y direction in further reducing x. As
illustrated in Fig. 2(c), the influence of x aperiodicity on «
in large-hole SNMs is negligible, and the reduced « of ap-xy
SNMs is solely attributed to the aperiodic hole arrangement
in the cross-section, impeding phonon transport in otherwise
straight channels. In contrast, Fig. 2(d) highlights a signif-
icantly more pronounced effect of x-direction aperiodicity
comparable with the blockage effect induced by y aperiod-
icity in small-hole SNMs. In the following sections, we will
spectrally analyze the behaviors of various phonon modes as
affected by x-direction aperiodicity, y-direction aperiodicity,

and SNM length to elucidate possible coherent and incoherent
phonon behaviors.

B. Effect of hole size and periodicity
on spectral phonon transport

Figures 3(a) and 3(b) show the thermal conductivity spec-
tra k (w) of large-hole SNMs [panel (a)] and small-hole SNMs
[panel (b)], and Fig. 3(c) compares the x(w) of SNMs with
that of pristine silicon without any holes.

In panel (a), the green shaded area (kperiodic — Kapx) il-
lustrates that the x-direction aperiodicity in hole positions
minimally affects phonon transport in large-hole SNMs. In
contrast, as illustrated by the red shaded area, the full ape-
riodicity of the ap-xy SNM structure significantly impedes
the transport of low- to midfrequency (3.3-6.8 and 10.8—13
THz) phonons. These observations align with the thermal
conductivity data in Fig. 2(a), confirming the limited impact
of x-direction aperiodicity on phonon transport in large-hole
SNMs.

Contrarily, Fig. 3(b) reveals substantial suppression of
phonon transport in both ap-x and ap-xy small-hole SNMs.
The green shaded area indicates that x-direction aperiodicity
suppresses the transport of low-frequency acoustic phonons
due to the disruption of phonon modes in an otherwise peri-
odic structure. We hypothesize that the decrease in k(@) and
k of ap-x SNMs shares similar physics with the reduced « (w)
and « observed in aperiodic SLs [19]. Additionally, the intro-
duction of y-direction aperiodicity, resulting in an ap-xy SNM
structure, further suppresses the transport of low-frequency
phonons, primarily due to the obstruction of transport
channels.

In Fig. 3(c), we compare the k (w) of pristine silicon, large-
hole SNM, and small-hole SNM. Notably, holes, regardless of
size, suppress a broad spectrum of phonon thermal transport,
as evidenced by the nearly one-order-of-magnitude higher
k (w) curve of pristine silicon than that of SNMs. Moreover,
the extent of suppression varies with frequency, exhibiting
a more pronounced reduction (in ratio) of higher-frequency
phonons than lower-frequency ones, indicating stronger hole
scattering of phonons of higher frequency.

Furthermore, Fig. 3(c) illustrates that the thermal conduc-
tivity spectra of small-hole SNMs is significantly lower than
that of large-hole SNMs, consistent with the expectation that
smaller holes, being more numerous (since the total hole area
is fixed in this paper), can scatter phonons more effectively
than larger holes. This behavior mirrors nanoparticle scatter-
ing of phonons, well understood both experimentally [49] and
theoretically [50].

Of particular interest, Fig. 3(c) reveals that the lowest-
frequency phonons (0-2.2 THz) in the small-hole SNM
exhibit even higher spectral thermal conductivity « () than
phonons of the same frequency in the large-hole SNM coun-
terpart. We attribute this phenomenon to coherent phonon
transport behaviors like those observed in SLs. Within small-
hole SNMs, the phonon modes of pure silicon can form
additional phonon modes corresponding to the altered phonon
dispersion inherent to the SNM structure, akin to the emer-
gence of coherent phonons in SLs. Figure 3(d) displays the
SED contour (heat map) extracted from our EMD simulations
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FIG. 3. Illustrations of the thermal conductivity spectra k (w) and phonon spectral energy density are shown. (a) Spectrum of large-hole
silicon nanomeshes (SNMs). (b) Spectrum of small-hole SNMs. Specifically, the blue curve plotted against the right axis depicts the spectral
thermal conductivity kperiogic(w) of SNMs with a periodic arrangement of holes. The shaded areas plotted against the left axis represent
the deviation from kperiogic (@) for SNMs with ap-x and ap-xy distributions of holes. (c) Spectrum of pristine silicon, large-hole SNM, and
small-hole SNM plotted against a logarithmic Y axis. (d) Logarithmic spectral energy density (SED) contour (heat map) at 300 K plotted in the
wave vector—frequency domain, along with the phonon dispersion relations from harmonic lattice dynamics (white curves) for the small-hole
SNM. Only the 0—4 THz range is plotted in (d), while the full SED contour is displayed in Fig. S1 in the Supplemental Material [40].

of the small-hole SNM, vividly revealing acoustic and a few
optical phonon branches that differ from those in the pristine
silicon dispersion relations (Supplemental Material [40]). Ad-
ditionally, we calculate the phonon dispersion relations using
the unit cell of the small-hole SNM, which contains a hole;
these are displayed as white curves in Fig. 3(d). Evidently,
these curves match well with the phonon branches in the SED
contour.

Performing SED analysis or lattice dynamics for the large-
hole SNM is challenging, if not impossible, due to the
excessive computational cost associated with its much larger
unit cell (containing thousands of atoms). To evaluate the ex-
tent of phonon coherence in both small- and large-hole SNMs,
we compute the phonon spatial coherence length of silicon
from SED data. As shown in Fig. S1(c) in the Supplemental
Material [40], the coherence length in the low-frequency limit
is on the order of a few nanometers. This length is larger than
the unit cell size of the small-hole SNM (2.2 nm), suggesting
significant phonon coherence, and slightly smaller than the
unit cell size of the large-hole SNM (12 nm), indicating a
certain degree of coherence.

The above SED results [Fig. 3(d)], lattice dynamics re-
sults [Fig. 3(d)], and phonon spatial coherence length results
(Fig. S1(c) in the Supplemental Material [40]) all demonstrate

the significant coherent phonon nature of the low-frequency
phonons in small-hole SNMs and even considerable coher-
ence for the large-hole SNM structure. This understanding
helps explain the lower « (@) of the large-hole SNM compared
with the small-hole SNM in the low-frequency limit through
two mechanisms also observed for SLs. First, larger band
gaps are formed in the phonon dispersion relations of SNMs
with larger holes (or larger unit cells), reducing the average
phonon group velocity. Figure S2 in the Supplemental Ma-
terial [40] clearly demonstrates the increasing band gap with
increasing hole size. Second, Baer et al. [51] found increased
anharmonic phonon scattering phase space in SLs with larger
periods, which increases phonon scattering and thus reduces
k. We expect a similar mechanism in SNMs, with increased
scattering when the hole size (or unit cell) becomes larger.
This is confirmed by the increased phonon scattering rate in
larger-hole SNMs found through SED analysis (Fig. S3 in the
Supplemental Material [40]). Overall, both mechanisms, aris-
ing from the coherent phonon nature of these low-frequency
modes, lead to reduced x of larger-hole SNMs, consistent with
our observations in Fig. 3(c).

As a final note of this subsection, it is beneficial to compare
our MD results with the previous study by Ravichandran and
Minnich [52], who employed the BTE to simulate phonon

075301-6



SPECTRAL ANALYSIS OF COHERENT AND INCOHERENT ...

PHYSICAL REVIEW B 110, 075301 (2024)

Periodic, x polarization

__ 06 (a)Piriodic, all modes 10 06 C 10
g "“\ KisL - K1 g Ki.sL - K1
v 04 N7 U bog= ¢ 04 - log=
: £l :
N4 N4
\; 0.2 0.6\% v: 0.2 -0.6§
< z «x S
£ = E =
] = ] A =
8 0.0 0.43 8 0.0 I\ A 0.4 3
c - < [ \ A\ ~
g ¢ § AVAA g
8-0.2 r0.2 .8 -0.2 | \ 0.2
> > \
a , a M AN
/ \ J \
-0.4+- T T ————0.0 -0.4 T T T 0.0
0 5 10 15 20 0 5 10 15 20
Frequency (THz) Frequency (THz)
06 ap-xy, all modes 10 067 - ap-xy, x polarization 1.0
é"‘\ @) . KL - KiL é"‘\ ® KisL - KiL
v 04] [0 TR bog= ¢ 04 K-k fog=
= £ £ :
| N4 N4
= 0.2 | 0.6\% = 0.2 »0.6§
< ‘ s x 2
£ ’ | = E 4] =
g 0.0 “ 0.43 g 0.0 " 0.4\?i
5 3§ MNUANA E
S / \/ X S [ W/ \VAR\ x
8-0.2 / 0.2 .8 -0.21 | \ 0.2
> > / \,
Q Q / W,
=] / \‘ [a] // \
-0.4+ T T —————=0.0 -0.4 T T T 0.0
0 5 10 15 20 0 5 10 15 20
Frequency (THz) Frequency (THz)

06 Periodic, y polarization 10 0.6 Periodic, z polarization 10
= c : = d .
¥ © K150 - K1 ¥ @ KisL - K1
= R [ = - [
* 0.41 KoL - KL 0.8 = x: 0.4 KoL - KL 0.8 =
T T
s « toe 7 s toe 7
£ 02 ‘ ¥ 2 02] X
o E 37 £
g ! 04 5 g 04 5
S 0.0 1 3 8 0.0 3
= J F0.2 N s ! 0.2 =
S-02ln/ | / S Sy AN <
H w b Nt 2T ~~/" ‘oo
a 8 \ {
W
-0.4 ; v : -0.2 -0.4 ; r y 0.2
0 5 10 15 20 0 5 10 15 20
Frequency (THz) Frequency (THz)
0.6—2PXY, ¥ polarization 1.0 0.6—23PXVv, Z polarization 1.0
o) (9) K150 - K11 o) (h) K15 - K11
=~ - [ = - L
!: 0.4 KoL - K1 0.8 = * 0.4 KaL - K1 0.8 =
T T
§ 0.6 7 § 0.6 7
< 0.2 "\\ g = 0.2 <
< 04 S < 04 S
£ - g
S 0.07 3 8 0.0 A 3
5 / | 7 = g M \ ‘A\ 02 =
= / \ X S / \ A PV x
2 702pn ‘w‘\JAf\\ L0.0 20 /T oo
s] a \
-0.4 T T T -0.2 -0.4 T T T 0.2
0 5 10 15 20 0 5 10 15 20
Frequency (THz) Frequency (THz)

FIG. 4. Left axis (shaded area): Length-dependent deviation from spectral k of large-hole silicon nanomeshes (SNMs) with length of 1L
(k11, where the subscript L denotes a device length of L = 65 nm); right axis (blue curve): spectral « of k. (a) and (e) Contributions of spectral
« from all modes for periodic and ap-xy SNMs, respectively. (b) and (f) Contributions from x polarization. (c) and (g) Contributions from y

polarization. (d) and (h) Contributions from z polarization.

thermal transport in SNMs. In their work [52], a larger hole
size of 11 nm and a periodicity of 34 nm were used, cor-
responding to the incoherent phonon regime in this paper.
Notably, in Fig. 3(a), we predicted that phonons with a
frequency of 5 THz contribute the most to the « of large-
hole SNM. This finding agrees with the BTE predictions of
Ravichandran and Minnich [52], where they found a dominant
contribution to ¥ by 5 THz phonons at room temperature.
Additionally, their work suggests that a secondary periodic-
ity on the order of 1-2 nm is required to induce significant
coherent phonon effects. This is indeed the case in our small-
hole SNMs, which have a periodicity (or unit cell size)
of 2.2 nm. This agreement further supports our conclusion
that the phonons, particularly the low-frequency ones, in the
small-hole SNMs studied here exhibit significant coherent
nature, while the large-hole SNM demonstrates more inco-
herent properties. Thus, in the following sections, we will
analyze and compare the detailed phonon transport proper-
ties of small- and large-hole SNMs to elucidate the distinct
behaviors of coherent and incoherent modes in this unique
type of metamaterial.

C. Large-hole SNMs: Effect of device length
on spectral phonon transport

Figure 4 displays thermal conductivity spectra « (w) in the
frequency domain for both periodic and ap-xy SNMs of vary-
ing lengths. In Fig. 4(a), shaded areas represent the deviation
of k (w) for a 1.5L-long (in red) and a 2L-long (in green) SNM
from that of their 1L-long counterpart, where L = 65 nm. It is

evident that an increase in device length induces a substantial
length-dependent effect on k (w). Notably, the contribution of
low-frequency phonons to « increases more significantly as
the device length increases, aligning with the characteristic
longer mean-free path of these phonons.

In Fig. 4(e), the blue curve represents the k(w) of the
1L-long ap-xy SNM studied in this paper. A direct com-
parison with the blue curve in Fig. 4(a) reveals an overall
lower magnitude, corresponding to the lower « of the ap-xy
SNM compared with its periodic counterpart, as presented in
Fig. 2(a). Furthermore, « (w) displays less significant changes
with length compared with the case of periodic SNMs in
Fig. 4(a). This observation aligns with the diffusive nature of
ap-xy SNMs, as manifested in the length-dependent « data in
Fig. 2(a).

In Fig. S5 in the Supplemental Material [40], we present
the thermal conductivity spectra «(w) of ap-x large-hole
SNMs, which are nearly the same as the spectra of their peri-
odic counterparts, agreeing with our NEMD results presented
in Fig. 2(a), which shows similar values of « of periodic and
ap-x large-hole SNMs.

To gain a better understanding of the behavior of
each phonon polarization when device length increases, we
decompose the spectra in Figs. 4(a) and 4(e) into contributions
by each polarization in the x, y, and z directions, correspond-
ing to atomic movements in each direction. Approximately,
x-, y-, and z-polarization movements represent the longitudi-
nal modes, in-plane (perpendicular to the axial direction of
nanoholes) transverse modes, and cross-plane (parallel to the
axial direction of nanoholes) transverse modes.
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It is worth noting that this approximation is acceptable
only when thermal transport in the x direction is predom-
inantly contributed by phonons with a wave vector in the
x direction, i.e., the heat flow direction. If this condition is
not met, transverse phonons traveling in oblique directions
can have atomic displacements in the x direction; similarly,
longitudinal phonons traveling in oblique directions can have
atomic displacements in the y and z directions. However, the
SNM structures studied in this paper act as phonon direction
filters, primarily allowing the transmission of normal-incident
phonons while strongly scattering or blocking those traveling
in oblique directions, as schematically illustrated in Fig. S8 in
the Supplemental Material [40]. Further evidence supporting
this point is that the frequency range with prominent values of
x-polarized k (w), as shown in Fig. 4(b), matches well with the
frequency range of the longitudinal acoustic (LA) and longitu-
dinal optical (LO) branches of pristine silicon in Fig. S1 in the
Supplemental Material [40]. Similarly, the frequency range
with prominent values of y- and z-polarized « (w) in Figs. 4(c)
and 4(d), respectively, matches well with the frequency range
of the transverse acoustic (TA, 0-6.5 THz) and transverse
optical (TO, 13-18 THz) branches of silicon shown in Fig. S1
in the Supplemental Material [40].

A comparison of Figs. 4(b)—4(d) shows that the x- and
y-polarized phonons contribute most to thermal transport in
periodic SNMs, while the z polarization contributes much less
and, in certain frequency ranges [notably, 6—8 THz in panel (d)
and 6.2-7.7 THz in panel (h)], even contributes negatively. We
will discuss the characteristics of «(w) for each polarization
below.

1. x polarization

As depicted in Fig. 4(b), the thermal conductivity spectra
k(w) of the large-hole SNM exhibit significant values across
a broad frequency range from O to 18 THz, correspond-
ing approximately to the dispersive LA and LO branches in
Fig. S1(a) in the Supplemental Material [40].

As evidenced by the comparison between Figs. 4(b) and
4(f), aperiodicity in the hole distribution leads to a slight sup-
pression of « (w) of LA phonons for the 65-nm-long SNM. As
illustrated in Fig. 4(b), k (w) exhibits a notable increase with L
for periodic SNM, indicating considerable ballistic transport
characteristics, which agrees with the « data in Fig. 2(a). In
contrast, the increase is only marginal for the ap-xy SNM, in-
dicating primarily diffusive thermal transport, again agreeing
with the « data in Fig. 2(a). Consequently, in longer SNMs
(e.g., 2L SNM), there is a pronounced suppression of «(w)
attributed to the aperiodicity in the hole distribution.

2. y polarization

In comparison with the x-polarization spectra presented
in Fig. 4(c), y-polarized modes, predominantly in-plane TA
and TO modes, make a more significant contribution to ther-
mal transport in the low-frequency range (w < 8.2 THz).
However, beyond 8.2 THz, the « of y-polarized phonons
diminishes almost to zero. This observation approximately
aligns with the fact that the in-plane TA branch terminates
at 6.5 THz (as displayed in the phonon dispersion relations in
Fig. S1(a) in the Supplemental Material [40]), resulting in a

zero-transmission range corresponding to the band gap in the
phonon dispersion relation of silicon.

Despite the narrower k (w) spectra of in-plane transverse
phonons compared with that of longitudinal ones, their re-
spective total contributions to « are comparable, as quantified
by the total area under the blue «(w) curve in Figs. 4(b) and
4(c). In other words, LA, LO, and in-plane TA modes are
the major heat carriers in the large-hole SNMs studied in this
paper.

The shaded areas in Fig. 4(c) depict the deviation of the
k(w) of 2L- and 1.5L-long SNMs from their L-long coun-
terpart. Evidently, there is a substantial length dependence of
the « (w) spectra of the in-plane TA modes, indicating notable
ballistic thermal transport characteristics. The peak value of
k(w) for the 2L-SNM is ~100% higher than that of the 1L-
SNM counterpart, indicating strong ballisticity of in-plane TA
modes in these periodic, large-hole SNMs.

Figure 4(g) exhibits the spectra of x () for in-plane trans-
verse modes in ap-xy SNMs. Comparing it with Fig. 4(c) for
their periodic counterparts, it is evident that « (w) undergoes
significant suppression due to aperiodicity in holes, which is
notably stronger than the case for LA modes presented in
Figs. 4(b) and 4(f). Moreover, k (w) for the y polarization does
not exhibit significant changes with device length, indicat-
ing a more diffusive thermal transport behavior, as shown in

Fig. 4(g).

3. z polarization

As depicted in Figs. 4(d) and 4(h), the z-polarization
modes, which roughly represent TA and TO phonon modes
polarized cross-plane (i.e., in the direction parallel to the
axial direction of nanoholes), exhibit minimal involvement
in thermal transport compared with longitudinal modes and
in-plane transverse modes. This is evidenced by their consid-
erably lower values of «(w) when compared with those of
x and y polarizations presented in Figs. 4(b) and 4(c). Fur-
thermore, certain z-polarization modes even display negative
contributions to thermal transport within specific frequency
ranges. The negative k (w) remains elusive, though we hy-
pothesize two potential mechanisms. First, as illustrated in
Figs. S7(d)-S7(f) (temperature contours) in the Supplemental
Material [40], the temperature in the neck regions may exceed
that in the channels at the same x coordinates, generating a
temperature gradient contrary to the overall temperature gra-
dient across the device. This phenomenon is predominantly
observed in complex structures like SNMs, particularly in
ap-xy configurations, which often display intricate spatial
temperature distributions. Secondly, the negative « (@) could
stem from the backscattering of phonons by holes.

Like the y-polarization transverse modes, noticeable re-
gions with zero transmission are also observed, aligning
with the band gap of transverse modes, as indicated by the
dispersion relations of silicon in Fig. S1(a) in the Supplemen-
tal Material [40].

To summarize, the decomposed thermal conductivity spec-
tra presented in Fig. 4 reveal a major contribution of LA, LO,
and in-plane TA phonon modes to heat conduction in large-
hole SNMs, while cross-plane transverse modes contribute
negligibly to thermal transport. The ap-x hole distribution
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FIG. 5. Left axis (shaded area): Length-dependent deviation from spectral « of small-hole silicon nanomeshes (SNMs) with length of 1L
(x11, where the subscript L denotes a device length of L = 65 nm); right axis (blue curve): spectral « of «;. (a), (d), and (g) Contributions of
spectral x from all modes for periodic, ap-x, and ap-xy SNMs, respectively. (b), (e), and (h) Contributions from x polarization. (c), (f), and (i)

Contributions from the summation of y and z polarizations.

barely affects x(w), while the ap-xy hole distribution pri-
marily suppresses the in-plane TA modes, while mildly
suppressing the transport of LA modes.

D. Small-hole SNMs: Effect of device length
on spectral phonon transport

Figure 5 presents the thermal conductivity spectra (w)
of small-hole SNMs with varying lengths and hole ar-
rangements. In Fig. 5(a), it is evident that «(w) exhibits

significant changes with the length of periodic small-hole
SNMs. Moreover, the contribution of low-frequency modes
(ranging between 0 and 3 THz) to « increases substantially in
longer SNMs. This phenomenon suggests that these phonons
possess long mean-free paths and consequently propagate in
a rather ballistic manner within the small-hole SNM struc-
ture. These low-frequency modes, as revealed by the SED
contour in Fig. 3(d), correspond to acoustic (~0-0.9 THz)
and optical (~0.9-3 THz) modes belonging to the small-hole
SNM lattice. These SNM modes represent coherent phonon
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modes that adhere to the phonon dispersion relations of the
small-hole SNM lattice [Fig. 3(d)]. Accordingly, these modes
perceive the small holes as integral components constituting
the unit cell of the SNM, rather than as scatterers. This is
like the scenario of 1D SLs, where coherent modes do not
experience any scattering at SL interfaces [48,50,53]. Further-
more, Fig. 5(d) provides additional evidence of the coherent
nature of these 0-3 THz modes, where x(w) of small-hole
SNMs is significantly suppressed by the aperiodicity of holes
in the x direction (ap-x). This resembles the phenomenon of
suppressed coherent phonon transport observed experimen-
tally and in numerical modeling studies of aperiodic SLs
[4,36]. Here, we emphasize that, in the particle treatment
of phonons, it is expected that « is lower in SNMs with
smaller holes, particularly the « contributed by low-frequency
phonons, due to increased phonon-hole boundary scattering.
While this mechanism can significantly reduce « in the ap-xy
structure, where the holes can directly block (and thus scatter)
phonons transporting through the channels, it is not expected
to cause a significant difference in the « of periodic SNM and
ap-x SNM. This is because both structures feature straight
and unblocked channels. The reduced « of ap-x observed in
this paper is primarily due to the broken periodicity of the
structure, which disrupts phonon coherence, as discussed in
Sec. III B.

Figures 5(b) and 5(c) depict the decomposed « (w) spectra
of periodic small-hole SNMs in the x and y + z polarizations.
We also present the spectra in y and z polarizations separately
in Fig. S3 in the Supplemental Material [40]. Like the large-
hole scenario [Figs. 4(b) and 4(c)], both x and y polarizations
make substantial contributions to «, with the y-polarization
k(w) exhibiting a distinct cutoff at ~7 THz, approximately
matching with the cutoff frequency of the TA phonon branch
in pristine silicon (Fig. S1 in the Supplemental Material [40]).
While the z-polarization phonons in small-hole SNM display
a marked contribution to x (see Fig. S6 in the Supplemental
Material [40]), the z-polarization «(w) is negligible in the
large-hole SNM case in Fig. 4(d).

Another notable observation in Figs. 5(b) and 5(c) is that
neither the x- nor y 4 z-polarization « (@) of small-hole SNMs
exhibits a monotonic increase with SNM length. Particularly,
as illustrated in Fig. 5(c), the y + z-polarization «(w) in the
3.1-6.0 THz range decreases significantly when the SNM
length increases from L to 2L (as indicated by the green
shaded area). However, this does not imply a reduction in
k, as the x-polarization x(w) in the same frequency range
increases by nearly the same amount. Consequently, the net
change in the total « contributed by 3.1-6.0 THz phonons
is nearly zero, as demonstrated in Fig. 5(a). The nearly
opposite contribution to thermal transport by x-polarization
modes (roughly LO modes) and y + z-polarization modes
(roughly TO modes) likely arises from phonon mode conver-
sion induced by scattering at hole boundaries, a phenomenon
observed in nanoparticle-in-matrix type nanocomposites [54]
and graphene-carbon nanotube networks [55].

Figure 5(d) depict the «(w) of ap-x small-hole SNMs.
In contrast with the large-hole cases (see Fig. S2 in the
Supplemental Material [40]), the k (w) spectra of ap-x small-
hole SNMs are notably suppressed compared with those of
periodic small-hole SNMs. Specifically, the low-frequency

region from 0 to 3.4 THz exhibits the most significant re-
duction in x(w), which is attributed to the suppression of
coherent modes in the ap-x structure. This observation agrees
with the diminished coherent phonons observed in aperiodic
SLs, where aperiodicity in the x direction disrupts the sec-
ondary periodicity of the SL, preventing the formation of
long-range coherent phonons across the structure [4]. It is
well understood that this effect can substantially reduce the
k of SLs. Due to the suppressed contribution of coherent
phonons, the thermal conductivity spectra of ap-x small-hole
SNMs exhibit much weaker dependence on SNM length, un-
like the case of large-hole SNMs. In other words, phonons do
not demonstrate notable ballistic transport behaviors in ap-x
small-hole SNMs.

Figure 5(g) displays the «(w) of the ap-xy SNM. Com-
pared with the periodic case [Fig. 5(a)] and the ap-x case
[Fig. 5(d)], a substantial suppression in x (w) is observed in the
low-frequency region (up to 3.4 THz), while high-frequency
phonons remain relatively unaffected, a phenomenon readily
apparent in Fig. 3(b) as well. This observation aligns with the
diffusive nature of high-frequency phonons, whose transport
is primarily influenced by anharmonic scatterings rather than
hole boundaries.

E. Deviation from macroscopic heat conduction:
Heat flux splitting

Figure 6 illustrates the x-direction heat flux (J,), represent-
ing the overall heat flow direction in large- and small-hole
SNMs with periodic, ap-x, and ap-xy hole distributions. We
also present the corresponding temperature distributions for
each case in Fig. S7 in the Supplemental Material [40], which
show an overall monotonic decrease in the x direction.

In Fig. 6(a), J, exhibits a continuous and relatively con-
stant value within the channels of the periodic SNM, while it
approaches zero in the neck regions. In contrast, in Fig. 6(b),
for the ap-x SNM, J, noticeably decreases at locations where
the channel intersects with wider (in the x direction)-than-
average necks. This phenomenon is prominently stronger in
ap-xy SNMs, as shown in Fig. 6(c). Specifically, in ap-xy
SNMs, where the channels are occasionally partially or fully
obstructed, we observe large variability in the values of J,
along the heat transfer path within the channels, indicating a
significant diversion of heat flow to the neck region.

Figures 6(d)-6(f) show the heat flux J, distribution for
periodic, ap-x, and ap-xy small-hole SNMs, of which the
hole size is 1.5 x 1.5nm?. Evidently, J, is overall uniform
in the channels of the periodic and ap-x structure, while
it varies more significantly in the channels of the ap-xy
counterpart.

The noticeable decrease in J, at the intersections of the
channel and neck indicates heat flow splitting [56], where a
portion of x-direction heat current diverts into the neck region.
This phenomenon is evaluated in Fig. 7 through the splitting
factor, denoted as

2.yl
Sspliting = =17 1 =17 12
splitting Z|Jx|+Z|Jy| ( )

where J; and J, denote the value of heat flux in the x (par-
allel to the channel) and y (perpendicular to the channel)
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FIG. 6. x-direction heat flux J, of both large- and small-hole silicon nanomeshes (SNMs) obtained from nonequilibrium molecular
dynamics (NEMD) simulations. (a)—(c) J, contours of periodic, ap-x, and ap-xy large-hole SNMs. (d)—(f) Zoom-in J, contours of periodic,

ap-x, and ap-xy small-hole SNMs.

directions, respectively. Heat flux splitting can occur via dif-
ferent mechanisms. In complex, porous structures like SNMs,
this can happen due to the largely inhomogeneous tempera-
ture distribution within the structure. As shown in Fig. S7
in the Supplemental Material [40], the temperature in the
neck regions can be higher than in the channel region at an
upstream location, creating a slightly negative local tempera-
ture gradient. Additionally, heat flux splitting can occur when
phonons are scattered at the hole boundaries, especially near
the corners, diverting some phonons into the neck region.

A higher Spliuing value indicates a greater diversion of heat
flow into the y direction (toward the neck region), typically
resulting in a reduction in «. Interestingly, spiing demon-
strates a notable increase with the level of aperiodicity in
large-hole SNMs, while it displays less dependence on ape-
riodicity in small-hole SNMs. These findings contrast with
the trends observed in the x data presented in Fig. 2, which
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FIG. 7. Heat flux splitting factor Syiiing in large- and small-hole
silicon nanomeshes (SNMs).

show a significant reduction in « due to partial (ap-x) or full
aperiodicity (ap-xy) in hole locations in small-hole SNMs.
Consequently, we argue that, while heat splitting offers in-
sights into heat transfer from a macroscopic perspective, it
may not fully elucidate nanoscale thermal transport behaviors
in NMs containing small holes, although it might provide
reasonably accurate guidance for SNMs with larger holes,
exceeding tens of nanometers or even micron-sized ones.

Lastly, it is noteworthy that small-hole SNMs exhibit
higher Spliwing values compared with large-hole SNMs, which
contributes significantly to the notable difference in x be-
tween the two. However, the principal reason for this contrast
remains rooted in the fact that the greater abundance of
nanoholes in small-hole SNMs induces a more extensive
scattering of phonons, like in the case of the nanoparticle-in-
matrix type of nanocomposite [50].

F. Deviation from macroscopic heat conduction: Shape factor

Shape factor (S) is frequently employed in macroscopic
heat transfer analyses as a straightforward method for esti-
mating heat flow in heat conduction scenarios. For instance,
the shape factor of a slab containing arrays of holes can be
computed as [31,57]

1 p—

dx T
A(x)

9x

S = _—
Ky AT

13)

where A(x) is the cross-sectional area of the structure perpen-
dicular to x direction, g, is steady-state heat current, and AT is
the temperature difference between the two ends. Mathemati-
cally, a NM with hole positions more widely dispersed along
the x direction will yield a higher S, consequently leading
to a higher effective k. Wei et al. [31] conducted regression
analysis demonstrating the efficacy of S in categorizing the k
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FIG. 8. (a) Large-hole silicon nanomeshes (SNMs): The percentage increase in « of three types of ap-x structures compared with the «
of their periodic counterparts is plotted against the corresponding increase in shape factor. These results show an overall good quantitative
agreement between S and finite element method (FEM) results, but only qualitative agreement between S and nonequilibrium molecular
dynamics (NEMD) results. This discrepancy indicates significant nondiffusive heat conduction in NEMD simulations. (b) Small-hole SNMs:
NEMD predicts a reduced «, while the shape factor suggests an increase in «. This discrepancy indicates the inapplicability of the shape factor
in describing thermal transport in small-hole SNMs due to prominent nondiffusive and wave effects.

of GNMs, displaying reasonable agreement with predictions
by BTE simulations.

In this paper, we explore the applicability of S for both
large- and small-hole SNMs, recognizing that S originated
from classical, diffusive heat transfer theories. To achieve
this, we examine three distinctive hole distributions within
the SNM: (1) ap-x-random, characterized by randomly gen-
erated hole distributions without any imposed constraints;
(2) ap-x-optimal, as identified in this paper through shape-
factor analysis and further tested to possess even higher «
than the structure optimized in Ref. [31] to have the highest
x among NM configurations; (3) ap-x-merge, resembling ap-
x-optimal but with all holes in each column consolidated into
a single large rectangular hole along the heat flow direction.

Two approaches are used to evaluate « of these structures:
NEMD simulations as used in previous sections of this pa-
per, which capture the actual coherent or incoherent phonon
transport and scattering behaviors, and finite element method
(FEM) simulations based on Fourier’s law of heat conduction.
The SNM structures simulated in FEM share geometric simi-
larities (in aspect ratio and hole locations) with those used in
NEMD but are 10° times larger. Thus, the FEM results rep-
resent macroscopic heat conduction scenarios. For the FEM
simulations, we used the thermal properties of silicon: a x of
140 W/m K, a density of 2, 330 kg/m?>, and a specific heat
of 710 J/kg K. The element size for the large-hole SNM was
0.5 mm (hole size is 7.2 x 7.2 mm), while a smaller mesh size
of 0.1 mm was used for the small-hole cases (hole size is 1.5
x 1.5 mm). Like our NEMD simulations, a hot bath at 330 K
and a cold bath at 270 K were used to induce heat current
across the SNM device. The « of the SNM was computed
using Fourier’s law as k = gL/(A.AT), where ¢ is the heat
current obtained from the FEM simulation.

Figure 8(a) illustrates the increase in « as predicted
by NEMD and FEM simulations with respect to the
corresponding shape factor S. Specifically, the x axis denotes
the increase in shape factor for the three random struc-
tures (ap-x-random, ap-x-optimal, and ap-x-merge) with

respect to the shape factor of their periodic counterpart. The
y axis shows the increase in k as predicted by NEMD and
FEM simulations. The percentage increase is calculated as
[(kap-x/Kperiodic) — 11 x 100%: for the NEMD data series, it is
computed using the « values predicted by NEMD, while for
the FEM data series, the « values predicted from FEM are
used.

As depicted in Fig. 8(a), the FEM simulation consistently
predicts higher « for SNM structures with larger shape factors,
reaffirming the utility of § in broadly classifying the relative
« of macroscopic structures. However, the « values predicted
by NEMD, though aligning with the overall trend indicated by
S, exhibit disproportionately large variations with S. Notably,
the « of the ap-x-merge structure is ~95% higher than that of
its periodic counterpart, despite its shape factor S being only
22% higher. This disparity is even larger in small-hole SNMs,
as elaborated below.

Illustrated in Fig. 8(b) is the analysis of an ap-x small-hole
SNM structure. The shape factor S of this structure surpasses
that of its periodic counterpart by 27%, while FEM predicts a
mere 3% increase in k. Moreover, NEMD predicts a reduction
of >22% in the « of this ap-x structure compared with its
periodic counterpart. This discrepancy underscores the inade-
quacy of both S and FEM, or any macroscopic heat conduction
laws, as dependable tools for categorizing the « of small-hole
SNMs, where considerations such as ballistic phonon trans-
port and the wave nature of phonons become pivotal.

IV. CONCLUSIONS

In this paper, we systematically investigated the spectral
thermal transport properties of SNMs featuring both large
and small holes, arranged periodically, aperiodically in the x
direction (ap-x), which maintains the original straight chan-
nels of periodic SNMs, and fully aperiodically (ap-xy). Our
combined NEMD and EMD simulations consistently revealed
a notable reduction in the « of small-hole SNMs due to
the ap-x structure, a phenomenon not observed in large-hole
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SNMs. Through spectral thermal conductivity analysis, we
unveiled that ap-x aperiodicity in hole locations markedly
dampens low-frequency phonons in small-hole SNMs, resem-
bling the behavior seen in 1D SLs where interface aperiodicity
effectively hinders coherent phonon transport. Direct confir-
mation of coherent phonon modes (or SNM modes) in the
0-3 THz frequency range was achieved via SED analysis.
Furthermore, our investigations into SNMs of varying lengths
demonstrated the ballistic propagation of these low-frequency
phonons within small-hole SNMs, highlighting their coher-
ent nature. Conversely, the impact of ap-x hole distribution
on the x of large-hole SNMs was found to be negligible,
mainly due to the prevention of coherent phonon forma-
tion when large holes exceed the spatial coherence length of
phonons.

Additionally, in this paper, we show that, regardless of
their size, holes can significantly reduce the « of phonons
across all frequencies, with higher-frequency phonons typi-
cally experiencing stronger scattering by holes. Moreover, for
SNMs with equivalent overall porosity, smaller holes exhibit
a more pronounced scattering effect on phonons, resulting in
lower k values for small-hole SNMs compared with large-
hole counterparts. Remarkably, our findings reveal that, in
small-hole SNMs, low-frequency phonons (in the 0-3 THz
range) can even exhibit higher heat transfer capabilities than
those in large-hole SNMs within the same frequency range.
This observation underscores the unique characteristics of co-
herent modes, which can traverse the SNM structure without
encountering scattering by the holes, akin to coherent phonons
in SLs that remain unscattered at interfaces.

Lastly, we examined the effectiveness of heat flux split-
ting factor and shape factor, two parameters derived from
macroscopic descriptions of heat conduction, in categorizing
the relative « values of SNMs with different hole distributions.
Our analysis concluded that, while both factors perform ade-
quately for large-hole SNMs (where the feature size exceeds
the spatial coherence length of phonons), their utility for
small-hole SNMs may be unreliable, whether for qualitative
or quantitative analyses. In summary, the analysis and predic-
tion of thermal transport in small-hole SNMs should consider
coherent phonon behaviors, particularly when the hole feature
size is comparable with or smaller than the spatial coherence
length of phonons, highlighting the pivotal role of wave nature
in such scenarios.
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