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Controlling thermal transport in nanoporous graphene through wave-like characteristics of phonons beyond the
conventional particle regime has attracted widespread interest. Although the existence of wave-like coherent
transport in nanoporous graphene has been proposed, the comprehensive impact on phonon transport remains
unclear. In this work, we use a rigorous comparison between non-equilibrium molecular dynamics (NEMD)
simulation which captures wave effects and mode-resolved phonon Boltzmann transport equation (BTE) which is
a particle approach, to quantify the wave effect contribution in the periodic and aperiodic nanoporous graphene.
We find that in periodic nanoporous graphene, the wave effect enhances the thermal conductivity compared to
solely particle transport. While in aperiodic nanoporous graphene, we observe the coexistence of diverse wave
effects that enhance or reduce thermal transport. The competition of these diverse wave effects can lead to an

overall enhancement, decrease, or no impact on the thermal conductivity as compared to the particle transport.
Our work reveals insights into wave transport in periodic and aperiodic nanoporous structures and provides
important guidance for further tuning the thermal conductivity of nanostructures.

1. Introduction

Graphene, as one of the most important two-dimensional materials,
has been widely studied due to its exceptional electronic [1], optical [2],
and mechanical [3] properties. In recent years, manipulating the ther-
mal properties of graphene has attracted considerable research interest
owing to its applications for thermal management in electronic devices
and thermoelectric energy conversion [4-7]. One approach of tailoring
the thermal conductivity of graphene is through diffuse phonon scat-
tering by introducing rough surfaces [8-10], impurities [11,12], and
defects [13-15], which utilizes particle-like (incoherent) characteristics
of phonons. Another approach is through wave interference by intro-
ducing secondary artificial periodicities, such as superlattices [16-18],
and nanopores [19-22], which is based on wave-like (coherent) char-
acteristics of phonons [23-25].

Nanoporous graphene offers a promising platform for thermoelec-
trics due to its high tunability of thermal conductivity while maintaining
good electrical properties [26]. A good thermoelectric material requires
a high electrical conductivity and Seebeck coefficient, and at the same
time a low thermal conductivity [27]. The dominant mean free paths of
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phonons are usually much larger than that of electrons [28]. Properly
engineered nanostructures can scatter phonons more effectively than
electrons, thereby greatly reducing the thermal conductivity while
preserving electrical properties [29,30]. Nanoporous graphene provides
such a way to decouple the electron and phonon transport and inde-
pendently manipulate the thermal conductivity [20,21,31]. Introducing
periodic pores is shown to remarkably reduce the thermal conductivity
[32-35]. Besides the mass loss and phonon-boundary scattering,
coherent transport is generally believed to be another possible reason. It
has been theoretically predicted that coherent transport can modify the
phonon dispersion relations, thereby giving rise to forbidden bandgap
and changing the group velocities and density of states of phonons [25,
36]. By introducing the aperiodicity in the pore arrangement, the ther-
mal conductivity of nanoporous graphene was found to be further
reduced [19,37]. This is commonly regarded as the result of another
behavior of coherent transport, i.e. phonon localization [38-43], which
has been directly probed by wave-packet simulations [37,44]. Although
it is widely aware of the existence of coherent transport in nanoporous
graphene, its contribution to thermal conductivity remains unclear. To
better understand the phonon transport mechanism, it is necessary to
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separate the particle and wave transport and distinguish those diverse
wave effects.

There have been several works attempting to separate the particle
and wave effect in the thermal transport of nanostructured materials
[32,37,45-49]. Hu et al. [37] decomposed the coherent and incoherent
phonon transport in nanoporous graphene based on an analytical
two-phonon model proposed in Ref. [46]. In this model, phonons are
treated as gray-medium and thus the spectral phonon information is
neglected [37,46]. Also, the molecular dynamics results were not
compared to those from a particle approach [37]. Experimental mea-
surements were compared to particle models to identify the wave effects
in nanoporous silicon membranes [45,47], in which the particle models
approximated either the phonon dispersion or detailed porous geome-
tries [45,47]. These assumptions lead to the inconsistency of the studied
system in the experiments and particle models, making the comparison
not on the same footing. Thereafter, a more rigorous approach is needed
for decomposing and quantifying wave effect on thermal transport.

In this work, we demonstrate a quantitative study of phonon wave
effects in nanoporous graphene. The wave effects are decomposed and
discerned by comparing the thermal conductivities computed by mode-
resolved phonon Boltzmann transport equation (BTE) and non-
equilibrium molecular dynamics (NEMD). The intrinsic phonon prop-
erties of graphene and detailed geometries are ensured the same in the
two methods. We investigate the wave effect contribution in periodic
and aperiodic nanoporous graphene of different geometries. The rest of
the manuscript is organized as follows. In Section 2, we introduce the
methodology of separating and quantifying wave effect contribution. In
Section 3, the thermal conductivities of nanoporous graphene with
different periods, system lengths, and degrees of the disorder computed
by NEMD and BTE are presented. The wave effect contributions are
analyzed in detail. In Section 4, we discuss the results. In Section 5, we
give a summary and conclusion.

2. Method and simulation setup

In this section, we first introduce the model for nanoporous gra-
phene. We then propose the methodology of decomposing wave effect
by comparing the thermal conductivity values computed by NEMD and
mode-resolved phonon BTE.

2.1. Model for nanoporous graphene

The schematic of nanoporous graphene is shown in Fig. 1. In this
work, we consider periodic and aperiodic configurations with different
periods p, and lengths L. For aperiodic configurations, pore arrange-
ments with different degrees of the disorder are also studied. We
generate the aperiodic configuration by randomly shifting each pore
from the periodic position by integer multiples of the lattice constant
(0.14 nm), which ensures that the center of a shifted pore is always
located at a lattice point. The degree of disorder along the x and y-di-
rection for an aperiodic configuration is denoted by (8y, dy). The integer
8y and 8y are limited by the period of the configuration. With increasing
periods, the maximum values of §y and &, are larger. Namely, the shift
distance of a pore from the periodic position can be larger for a larger
period. The details of generating aperiodic structures with an assigned
degree of the disorder (dy, 6,) are presented in Section S1 in Supple-
mentary Materials. For all configurations, the porosity is fixed at 0.1.

2.2. Decomposition and quantification of wave effect

To decompose the wave effect, it is necessary to study exactly the
same nanoporous structure using two different approaches, one with
wave effect and the other with only particle effect. Here we propose a
strategy for extracting wave effects in nanoporous graphene by
comparing the thermal conductivity values computed by NEMD and
mode-resolved phonon BTE with the same intrinsic phonon properties.
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Fig. 1. The schematic of the model for nanoporous graphene and the method of
extracting the wave effect from the comparison of NEMD (a) and BTE (b).
NEMD includes both wave and particle-like phonon transport, while BTE only
considers particle transport. With a proper simulation setup, the wave effect
contribution can be extracted from the difference between thermal conductiv-
ities predicted by NEMD and BTE. The geometries of nanoporous graphene in
NEMD and BTE are kept the same, including the system length L, width W
(fixed at 7.8 nm), period p, pore diameter d, porosity (fixed at 0.1), and detailed
pore arrangement. In NEMD, atoms at two ends are coupled with a Langevin
thermostat at temperature Ty and T;. Fixed and periodic boundary conditions
are adopted along with the length and width directions, respectively. In BTE,
the thermalizing boundary condition with Ty and T, is set for the left and right
boundaries, respectively. The top and bottom boundaries are both set as peri-
odic boundaries. The boundary of the pore is set as a diffusely reflecting
boundary. In NEMD and BTE, the temperature of Ty and T, are set at 310 K and
290 K, respectively. (A colour version of this figure can be viewed online.)

The schematic of decomposing wave effect from the comparison of
NEMD and BTE is presented in Fig. 1. The detailed geometries of
nanoporous graphene, including the system length L, width W (fixed at
7.8 nm), period p, pore diameter d, porosity (fixed at 0.1), and pore
arrangement, are identical in NEMD and BTE. NEMD naturally includes
wave effect while BTE only considers particle transport. The wave effect
is extracted from the difference between thermal conductivities
computed by NEMD and BTE. We emphasize that, in order to make a fair
quantitative comparison, one needs to ensure that the thermal conduc-
tivity obtained by NEMD and BTE quantitatively agree with each other
when no wave effect exists. In our recent work, we showed that NEMD
and mode-resolved BTE yield quantitatively identical thermal conduc-
tivity values for silicon thin films with proper simulation setup [50]. As
will be shown later, the thermal conductivity values of NEMD and BTE
for pristine graphene without pores can also be identical. Therefore, for
nanoporous structures in which the wave effect exists, the difference
between NEMD and BTE predicted thermal conductivities can be solely
attributed to the wave effect. This approach allows us to separate par-
ticle and wave effects of the pores on thermal transport.

In NEMD, the intrinsic phonon properties are naturally determined
by the interatomic potentials [50,51], while in mode-resolved phonon
BTE [52,53], the intrinsic phonon properties are external input infor-
mation [52,53]. For steady-state phonon BTE, the input phonon prop-
erty is the thermal conductivity accumulation distribution with respect
to the phonon mean free path (MFP) [54,55], also known as cumulative
MFP distribution [56]. We adopt the approach of reconstructing the
intrinsic cumulative MFP distribution proposed by Minnich [57].
Through this approach, we ensure the same intrinsic phonon properties
in NEMD and BTE. The details are provided in Appendix. To validate the
accuracy of the reconstructed MFP distribution, we compare the thermal
conductivities at different lengths and corresponding temperature pro-
files computed by NEMD and mode-resolved BTE with the reconstructed
MFP distribution. Fig. 2a shows the thermal conductivities of pristine
graphene at different lengths L. It can be seen that the thermal con-
ductivities computed by mode-resolved BTE with reconstructed MFP
distribution (gray line) agree well with those computed by NEMD (or-
ange filled circles) at all lengths. They are also consistent with the NEMD
results in Ref. [58]. Fig. 2b shows a temperature profile of graphene at
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Fig. 2. Comparison between NEMD simulation and

mode-resolved phonon BTE calculation with recon-
structed MFP distribution for pristine graphene. (a)
Thermal conductivities of pristine graphene at
different lengths from NEMD simulation (orange filled
circles) and BTE calculation (gray line). They are
consistent with the NEMD results in Ref. [58] (blue
filled squares). (b) The temperature profile of pristine
graphene at the length of 40 nm from NEMD simula-
tion (black hollow circles) and BTE calculation (red
line). The shaded regions represent the heat source
(red) and heat sink (blue), and the region in between
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the length of 40 nm computed by NEMD (black hollow circles) and BTE
(red line), which agree well with each other. These results indicate that
for pristine graphene of different lengths, NEMD and BTE are identical.
The consistency between NEMD and BTE results is crucial, which allows
us to make a meaningful comparison between these two methods when
applied to nanoporous graphene to quantify the wave effects.

We define the contribution of the wave effect as

_ KNEMD — KBTE
r’wave -

x 100%, €y

KNEMD

where kxpvmp and xprg are the thermal conductivity values of nanoporous
graphene obtained by NEMD simulation and mode-resolved phonon BTE
calculation, respectively. In another perspective, kygvp is the “true”
value of thermal conductivity and xprg is the roughly “estimated” value
of thermal conductivity with a certain “error”. Correspondingly, wave
can be regarded as the estimation deviation of BTE calculation.

2.3. NEMD simulation and BTE calculation

Here, we introduce the simulation setup of NEMD and mode-resolved
phonon BTE. NEMD simulations are performed with the LAMMPS
package [59]. Fixed and periodic boundary conditions are adopted
along with the length and width directions, respectively. Tersoff po-
tential is used to simulate the interatomic interactions among the carbon
atoms [60]. The time step is set as 0.1 fs. Each atomic structure is relaxed
through three steps. First, an NVT ensemble with a Langevin thermostat
is performed for 0.2 ns (2 x 10° steps) to heat the system to 300 K. Next,
an NPT ensemble is performed to release the internal stress for 0.2 ns.
Then, an NVT ensemble is applied for another 0.2 ns to further equili-
brate the system. After relaxation, 2 layers of atoms at each end are
fixed, and the next 38 layers at each end are coupled with a Langevin
thermostat at 310 K and 290 K, respectively. We run another 4 ns (4 x
107 steps) to reach a steady-state and then record the temperature dis-
tribution and heat current data. The total simulation time is 4.6 ns. The
thermal conductivity is computed based on the heat flux and tempera-
ture difference x = —q" /(AT /L) [58], where q’ is the heat flux, AT is the
temperature difference between the heat source and heat sink, and L is
the system length. To examine the uncertainty of NEMD simulations, we
randomly select typical pristine and nanoporous graphene structures
and compute their thermal conductivities with three independent NEMD
simulations. It is found that the uncertainties of NEMD of all cases are
smaller than 3%. As will be shown later, the uncertainties of NEMD are
much smaller than the differences between NEMD and BTE for most
nanoporous configurations. Therefore, we believe the result of one
NEMD simulation is reliable and we only perform one NEMD simulation
for each configuration in this work. The details for uncertainty analysis
of NEMD are shown in Section 2 in Supplementary Materials.

The mode-resolved BTE is solved with the finite volume method and
the discrete ordinate method with in-house codes. The spatial domain is
discretized into unstructured grids. The angular domain at each spatial
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60 represents the sample. (A colour version of this figure

can be viewed online.)

point is discretized into 12 non-overlapping control angles. The recon-
structed cumulative MFP distribution is discretized into 50 bands. The
classical distribution for phonons is adopted in BTE calculations and the
division of phonon bands. The discretized number of the band, spatial
grid, and angles ensure the convergence of results. The thermalizing
boundary condition with a temperature of 310 K and 290 K is set for the
left and right boundaries, respectively. The top and bottom boundaries
are both set as periodic boundaries. The boundary of the pore is set as a
diffusely reflecting boundary. Theoretically, it is impossible to set
boundary specularity in BTE that is completely equivalent to NEMD,
because the concept of “phonon boundary scattering” is already based
on the particle transport picture. There is probably no rigorous corre-
spondence with phonon transport in the nanoporous materials described
by the NEMD simulation. Furthermore, using boundary specularity is
already a simplified approach to deal with phonon transport for those
relatively small pores in nanoporous materials. As such, we cannot see a
particular setup of boundary specularity in BTE that ensures consistency
with NEMD. Therefore, we adopt the diffusely reflecting boundary for
the pore edges to keep consistent with the literature [61-64].

3. Results

We investigate the behaviors of wave effect in periodic and aperiodic
nanoporous graphene with different periods, lengths, and degrees of
disorder. The thermal conductivities of periodic and aperiodic nano-
porous graphene computed by NEMD and BTE are denoted by «p, nemp,
Kp,BTE> Kap,NEMD and kappre in the following text. The results of the
aperiodic nanoporous graphene presented in this work represent the
averages of three independently generated configurations.

3.1. Period

We first investigate the wave effect in nanoporous graphene with
different periods. Based on previous investigations, for graphene at 300
K, nearly 80% of thermal conductivity is contributed by the phonons
with wavelengths below 2 nm [13]. Accordingly, we select 1.3, 1.7, 2.2,
2.6, 3.9, and 7.8 nm as typical periods, in which the dominant phonon
wavelength is included. The total length of nanoporous graphene is fixed
at 38 nm. For aperiodic configurations, the degree of disorder is set as
the maximum (the definition of degree of disorder can be referred to
Section 2.1). Namely, the pores are randomly shifted in a maximum
space without overlapping.

Flg 3 shows the Kp,NEMD> Kp,BTE> Kap,NEMD and Kap,BTE changing with
periods. We first consider the NEMD results. As shown in Fig. 3a, the
thermal conductivity of the periodic structure xp nemp first decreases and
then increases with the period and reaches a minimum at p = 1.7 nm.
This phenomenon is usually attributed to the transition of coherent to
incoherent phonon transport in periodic structures [43,65-67]. Similar
to periodic cases, the thermal conductivity of the aperiodic structure i,
NEMD, Shown in Fig. 3b, also has a transition with the period. This is
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Fig. 3. The effect of the period on the wave effect contribution. (a) Thermal conductivities of periodic nanoporous graphene, (b) thermal conductivities of aperiodic
nanoporous graphene, and (c) the corresponding wave effect contributions changing with the period. The length of all configurations is fixed at 38 nm. (A colour

version of this figure can be viewed online.)

because, according to our setups, for very small periods, the space for
randomly shifting the pores is limited by the small neck width and thus
the degree of disorder is small.

We then consider the BTE results. For all the periods, xppre (see
Fig. 3a) and kap,pTE (see Fig. 3b) are close and both increase moronically
with the increasing period. This is because as the period increases, the
corresponding boundary density reduces, resulting in reduced phonon-
boundary scattering [20].

We finally look at the difference between the thermal conductivities
obtained from NEMD and BTE. Fig. 3c shows the corresponding wave
effect contributions nyave that are quantified according to Eq. (1). For
periodic structures, the wave effect contributions are positive for all
periods. It reaches 60% at a period of 1.3 nm and then decreases in a
non-monotonic manner. At the period of 2.2, 2.6, and 3.9 nm, the wave
effect contribution can still reach 15%~20%. At the period of 7.8 nm,
the wave effect contribution is only around 3%. For aperiodic structures,
the wave effect contribution can be positive, negative, or nearly none. At
the period of 1.7 nm, #yave is around —84%. At the period of 2.2 nm, the
absolute value of 7yave decreases to 22%. While for a period of 2.6, 3.9,
and 7.8 nm, the absolute values of #yyave are only around 3%. As shown in
Fig. 3c, for our studied systems, the wave effect in periodic structure
enhances thermal transport compared to solely particle transport, while
the wave effect in aperiodic structure generally reduces thermal trans-
port compared to solely particle transport.

3.2. Length

We then investigate the influence of length on the wave effect. We
consider the nanoporous graphene of periods 1.3, 1.7, and 7.8 nm with

lengths from 38 to 325 nm. Similar to Section 3.1, for aperiodic con-
figurations, the degree of disorder is set as the maximum.

Fig. 4 presents Kp,NEMD; Kp,BTE> Kap,NEMD and Kap,BTE changing with
length. We first consider the NEMD results. For all the periods, the
thermal conductivities of periodic configurations x, Ngmp increase with
the total length L. For aperiodic cases, the thermal conductivities «ap,
NeEmD also gradually increase with the increasing length, but the incre-
ment is smaller than that of periodic ones. These results are consistent
with previous studies [37,46].

We then consider the BTE results. For the period of 1.3 (Figs. 4a) and
1.7 nm (Fig. 4b), kp pre and kap prE first increase with L and then saturate,
while for the period of 7.8 nm (Fig. 4c), they still increase until 300 nm.
These different behaviors also originate from decreasing boundary
density with the increasing period. With a short period, phonons scatter
frequently at pore edges and behave like diffuse transport. With a large
period, some phonons with long MFPs are still not sufficiently scattered
and behave like ballistic transport. Hence, the thermal conductivity is
length-dependent.

Finally, we compare the NEMD and BTE calculated thermal con-
ductivities. Fig. 5a and Fig. 5b present the corresponding wave effect
contribution #yave of periodic and aperiodic cases, respectively. For the
periodic structure, the contributions of the wave effect are positive and
increase with increasing length. As the length increases from 38 nm to
around 325 nm, 7, increase from 60% to 80% for the period of 1.3
nm, from 8% to 43% for the period of 1.7 nm and from 3% to 30% for the
period of 7.8 nm. As for aperiodic structure, 7,,,,. also increases with
total length for the period of 1.3 nm and 1.7 nm. For 1.3 nm, the #yave
increase from 1% to 21%. For 1.7 nm, the #yaye increase from —85% to
—40%. For 7.8 nm, the 7,,,. have nearly no changes and is close to 0.

200 T T T T T T T T T
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X
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Fig. 4. Thermal conductivities of periodic and aperiodic nanoporous graphene changing with system length with a period of 1.3 nm (a), 1.7 nm (b) and 7.8 nm (c). (A
colour version of this figure can be viewed online.)
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Fig. 5. The wave effect of periodic nanoporous graphene (a) and aperiodic nanoporous graphene (b) as a function of length. The “enhancement” and “reduction”
denote that the dominant wave effect enhances and reduces the thermal conductivity compared to solely particle-like transport, respectively. (A colour version of this

figure can be viewed online.)

3.3. Degree of disorder

In addition to the system period and length, the pore arrangement
can also have a great impact on the thermal transport of nanoporous
materials [20,47,68,69]. Here, we examine the influence of pore
arrangement on the thermal conductivity and wave effect contribution
by considering different degrees of disorder in the x and y-direction (6y,
dy), which are along and perpendicular to the heat flux, respectively. It
should be emphasized that in the results above, the degrees of disorder
in aperiodic configurations are set as the maximum value. In this section,
we consider different degrees of disorder. We generate three groups of
aperiodic nanoporous graphene of period 7.8 nm with different degrees
of disorder. Group I includes configurations only disordered in the
x-direction, of which (8, d) is (5,0) and (10,0). Group II includes con-
figurations only disordered in the y-direction with (8, 8,) of (0,2) and (0,
5). Group III includes configurations disordered in both x, y-direction
with (6y, 8,) of (5,2) and (10,5). A larger value of 6 or 6, means that the
shift of pores from the centers is larger and the configuration is more
disordered.

Fig. 6 shows the thermal conductivities (Fig. 6a) and corresponding
wave effect contributions (Fig. 6b) of the three groups. The schematic
figures of configurations of group I, II, and III are presented at the top of
Fig. 6. The BTE calculated thermal conductivities kg (hollow squares)
of all three groups are close. Nevertheless, the NEMD simulated thermal
conductivities kygmp (filled squares) of three groups have a distinct
difference. xkygvp of group I are higher than that of group II and IIL
Furthermore, the increasing degrees of disorder lead to lower thermal
conductivities for group II and III, while the influence is less significant
for group L. The trend of wave effect contribution is similar to the NEMD
simulated thermal conductivity xNgmp. fiwave Of group I are higher than
that of group II and III. For group I, yave are around 25%. For group II
and III, nyave of aperiodic structures with a small and large degree of
disorder in the y-direction are around 15% and 5%, respectively.

4. Discussion

We first discuss the overall behavior of wave effects in periodic and
aperiodic nanoporous graphene. As seen from Figs. 3¢ and 5a, for the
periodic structures, wave effect contributions to the overall thermal
conductivity are positive for all the cases we study here. This indicates
that the wave effect in periodic nanoporous graphene enhances the
thermal conductivity compared to solely particle transport. BTE thus
underestimates the thermal conductivity of periodic structures by
omitting the coherent transport.

The wave transport in aperiodic structures is more complicated. As
shown in Figs. 3 and 4, the thermal conductivities xapNgmp are much
lower than kp, Nemp, While the values of «;, pr and kap,prE are very close.
This means that the reduction of NEMD simulated thermal conductivity
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Fig. 6. The effect of the degree of disorder on the thermal conductivity (a) and
wave effect contribution (b). Group I denotes configurations only disordered in
the x-direction with (8, 6,) of (5,0) and (10,0). Group II denotes configurations
only disordered in the y-direction with (6, 6,) of (0,2) and (0,5). Group III
denotes configurations disordered in both x, y-direction with (&, 6,) of (5,2)
and (10,5). The schematic figures of configurations of group I, II, and III are
presented at the top. All the aperiodic configurations are of period 7.8 nm and
length 325 nm. (A colour version of this figure can be viewed online.)

is due to the wave effect, e.g. phonon localization. Figs. 3c and 5b pre-
sent the wave effect contributions of aperiodic nanoporous graphene
that can be positive, negative, or none. The negative values of wave
effect contribution provide direct evidence of reducing thermal con-
ductivity by phonon localization. However, it is interesting to find that
for some aperiodic structures, the wave effect contributions are positive.
This reveals that besides the phonon localization that impedes the
thermal transport, there also exists another wave effect of enhancing
thermal transport. These diverse wave effects both originate from
coherent transport but have different behaviors. As denoted in Fig. 5,
after the competition of these diverse wave effects, the overall coherent
transport may enhance or reduce the thermal conductivity compared to
solely particle-based prediction. However, we should note that for the
period 7.8 nm, the wave effect contributions close to zero do not
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manifest that the wave effect is not important. On the contrary, the
diverse wave effects are both strong, but they cancel each other and the
final apparent results appear to have no wave effects, which would be an
erroneous interpretation.

We then discuss the detailed behavior of wave effect changing with
periods, lengths, and degrees of disorder. As for the period, the absolute
values of 7yave Of periodic and aperiodic structures are generally larger
at smaller periods, as shown in Fig. 3. This is because when the period is
small, wave interference is easier to occur and thus phonon coherent
transport that enhances or impedes thermal transport is both strong.

Next, we discuss the impact of length on the thermal conductivity
and wave effect contribution. As seen in Fig. 4, for periodic structures,
the xpprE @and (xp,NeMp — kp,TE) both increase with length. This means
that the increase of thermal conductivity of periodic nanoporous gra-
phene with length results from both the particle-based ballistic transport
and wave-based coherent transport. In longer systems, the ballistic
transport of phonons with long mean free paths leads to larger thermal
conductivity. On the other hand, long-wavelength phonons can be
excited in longer systems, which enhances the coherent transport and
increase the thermal conductivity. For the period of 1.3 (Fig. 4a) and 1.7
nm (Fig. 4b), the particle-based ballistic transport is limited by frequent
boundary scattering and most heat is carried by wave-based coherent
transport. While for the period of 7.8 nm (Fig. 4c), both the particle-
based ballistic transport and wave-based coherent transport contribute
to the overall thermal conductivity. For aperiodic structures of period
1.3 and 1.7 nm, the wave effect contribution #yave also gradually in-
crease with the length. This is because the space for randomly shifting
the pores is limited by the small neck width and thus the degree of
disorder is very small. In these aperiodic structures, the wave effect that
enhances thermal conductivity dominates over phonon localization that
reduces thermal conductivity, so overall wave effects increase with the
system length. For aperiodic structures of period 7.8 nm, as discussed
before, the diverse wave effects cancel each other and thus #yaye do not
increase with the length.

For aperiodic structures, as shown in Fig. 6, the wave effect contri-
butions also vary with different degrees of disorder. nyave of aperiodic
structures with the disorder in the direction perpendicular to heat flux
are smaller than that only in the direction parallel to heat flux, even the
average shifted distance of the latter is larger. This means that the
phonon wave transport is more sensitive to the disorder perpendicular to
heat flux. This phenomenon is possibly attributed to the different ther-
mal transport channels [19,70] caused by the disorder in the direction
parallel or perpendicular to heat flux. The region between two rows of
pores that aligns along the heat flux is usually denoted as a channel [19,
70,71]. The formation of a channel in nanoporous materials is beneficial
for phonon transport due to the lack of phonon-boundary scattering. The
disorder in the direction parallel to heat flux does not influence the
channels. However, the disorder in the direction perpendicular to heat
flux may block the channels, thereby increasing the phonon-boundary
scattering. In this case, the phase of phonons may not retain and the
coherent transport may be destroyed. As such, the contribution of the
wave effect is reduced.

As a final remark, we note that different phonon transport behaviors
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are originated from the broad-spectrum nature of phonons. A spectral-
level decomposition of different phonon transport behaviors will pro-
vide more insights. However, the state-of-the-art spectral analysis
method, such as spectral energy density analysis [51,72], mode
decomposition [73,74], and wave packet simulation [75,76], still
cannot achieve the mode-level decomposition of wave and particle
transport. This could be a promising direction for future research.

5. Conclusion

In summary, we quantitatively study the diverse wave effects that
enhance or reduce the thermal transport of nanoporous graphene. These
wave effects are rigorously distinguished and quantified by comparing
the thermal conductivities from NEMD simulation and mode-resolved
phonon BTE calculation. We find that for periodic nanoporous gra-
phene, the phonon wave effect has a positive contribution to the total
thermal conductivity. For aperiodic configurations, the wave effect
contribution can be positive, negative, or negligible, as a result of the
competition of diverse wave effects. The overall contributions of wave
effects to the thermal conductivity of nanoporous graphene changing
with periods, lengths, and degrees of the disorder are also investigated in
detail. In periodic and aperiodic structures, the absolute values of wave
effect contribution non-monotonically decrease with periods and
monotonically increases with lengths. For aperiodic structures, the dis-
order perpendicular to the heat flux direction leads to lower thermal
conductivity than the disorder aligning along with the heat flux. With an
increasing degree of disorder, the total wave effect contribution is
smaller. Our work provides new insights into thermal transport in
nanoporous structures and theoretical guidance to the further manipu-
lation of thermoelectric performance.
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Appendix Reconstruction of phonon cumulative MFP distribution from NEMD

We reconstruct the cumulative phonon MFP distribution from length-dependent thermal conductivity computed by NEMD. The length-dependent
thermal conductivity «(L) is related to the cumulative phonon MFP distribution F(A,) through the suppression function S (1) by Ref. [57]:

= [ sy, - [ KmF@),

(2)

where 1 = AT is the ratio of the spectral MFP to the system length. K(7) = -dS/dy is the kernel function, and f(A,) is the differential phonon MFP

distribution. F(A,,) is related to f(A,) by F(A,) = f(/,\ “ f(A")dA'. The suppression function describes the suppression of thermal conductivity as a function
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of system length due to the confinement of ballistic phonons [77]. It incorporates the information of geometry and boundary conditions (the dis-
tribution of heat sources) of the system [56]. The MFP distribution incorporates the material information of the system [56,57]. Once the
length-dependent thermal conductivity and the suppression function are provided, the MFP distribution can be reconstructed based on Eq. (2).

We take the cross-plane thermal transport as the model system (as shown in the inserted figure in Fig. 2a.) to reconstruct the MFP distribution of
graphene. NEMD simulations with the Langevin thermostat are used to compute the thermal conductivities of graphene at different lengths, which are
shown in Fig. 2a. The suppression function can be obtained by solving BTE analytically for a simple geometry or numerically for more complex
geometries [78]. When obtaining the suppression function [57], the most important prerequisite is to ensure that the system of measuring the
length-dependent thermal conductivity is equivalent to that of calculating the suppression function. It has been proved that for the cross-plane thermal
transport in pristine material, the NEMD simulation with Langevin thermostat and BTE calculation with thermalizing boundary conditions are
equivalent [50]. Accordingly, we compute the suppression function of cross-plane thermal transport by BTE with thermalizing boundary conditions.
The details of reconstructing the MFP distribution are as follows.

The suppression function of cross-plane thermal transport of 2D phase space [77] (since graphene is a 2D material) is solved by a gray-body BTE
calculation with thermalizing boundary conditions. If we assume that the suppression function only depends on the geometry and boundary con-
ditions, the same suppression function is also applicable to the gray medium where the MFPs of all phonons are the same [79]. Namely, the sup-
pression function can be calculated from the gray-body BTE. In practice, the above assumption is not strictly rigorous. Nevertheless, it has been proven
to work well in previous studies [79,80]. Therefore, we still use this assumption here. Under this assumption, 5 in Eq. (2) is just the Knudsen number
Kn. We calculate several discrete values of suppression function at different Knudsen numbers by gray-body BTE and then fit them into a function
S(Kn) =1-— W The fitting parameters A, a, and b is taken as 0.999, —0.491, and 1.002, respectively. Fig. 7a shows the calculated and fitted
suppression function, which are denoted by pink circles and a black line, respectively. It is seen that the fitted suppression function is quite close to the

dS _ _Aber b WKw 1

calculated one. The kernel function K is obtained by taking the derivative of suppression function Sas K(Kn) = — & = [t pea s i ? K which is shown

in Fig. 7a using a red dashed line. After obtaining the length-dependent thermal conductivities and suppression function, we follow the method
introduced in Ref. [57] to discretize the integral in Eq. (2) using Gaussian quadrature and obtain the cumulative MFP distribution by convex opti-
mization [57]. Fig. 7b shows the obtained thermal conductivity accumulation (normalized) as a function of Kn. The reconstructed MFP distribution is
then used as the input of mode-resolved BTE calculation.

We note that another approach to obtaining the phonon properties of the material is to extract from the interatomic potential used in MD by the
anharmonic lattice dynamics (LD) approach [81]. However, there are usually some discrepancies between the results from LD-BTE and MD methods
because if lattice dynamics is used to extract phonon properties, BTE includes less phonon scattering than MD [82]. To avoid such a discrepancy, in the
present work, we did not use lattice dynamics to extract phonon properties. Instead, we reconstruct the intrinsic cumulative MFP distribution from
NEMD simulations of the length-dependent thermal conductivities. This approach is easier to implement and can obtain the accurate cumulative MFP
distribution inherently including all orders of scattering processes. Through this approach, the MFP distributions of materials have been successfully
reconstructed from various nanostructures, like the membrane [83], nanowire [77], nanoribbon [77], and grating [79].
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Fig. 7. Reconstruction of intrinsic MFP distribution of graphene. (a) The calculated suppression function (pink circles), fitted suppression function (black solid line)
and kernel function (red dashed line). (c) Reconstructed thermal conductivity accumulation (normalized) as a function of phonon MFP.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.carbon.2022.06.011.
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