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ABSTRACT

Two-dimensional (2D) lateral superlattices, a typical artificial nano-phononic crystal, have stimulated
widespread interests and potential application prospects in terms of their physically interesting features.
Herein, we have found wave-particle crossover of phonon transport in the graphene (Gr)/2D polyani-
line (CsN) lateral superlattices, which is an indication of a transition in the phonon transport mecha-
nism from the incoherent to coherent regime. Due to the high structural similarity of C3N to Gr, the
thermal conductivity of the Gr/CsN lateral superlattice can achieve an ultra-wide modulation range of
about 500 ~ 1100 W m~! K-, which is far beyond that of other superlattices. The analysis shows that
an increase of the interface density will on the one hand weaken the thermal conductivity by increas-
ing phonon-interface scattering, and on the other hand increase it by lowering the phonon transport
barriers and allowing more long-wavelength phonons to participate in the transport. This determines
the parabolic trend of thermal conductivity containing the minimum, and also reflects the dual effects
of hetero-interfaces on phonon thermal transport. In addition, phonon calculations show that the above
variation in thermal conductivity is entirely attributable to differences in the phonon mean free path for

different interface densities and is not related to their group velocity.

© 2022 Elsevier Ltd. All rights reserved.

1. Introduction

From the eternal problem of food and clothing, to the inven-
tion of the steam engine that opened up the industrial era in the
past thousand years, to the epoch-making development of the mi-
croelectronics industry in the past hundred years, heat-related is-
sues have been a powerful thread running through the history of
mankind for thousands of years. At present, nanotechnology is a
multidisciplinary cross-integration that has provided a powerful
impetus for innovation in many fundamental disciplines such as
physics, materials, and even life sciences, and has become an im-
portant source of transformative research and production [1-4]. At
the same time, the development of nanotechnology makes the de-
vices further densified and miniaturized, which will inevitably lead
to the difficult problem of high local thermal energy density and
difficult dissipation of waste heat, particularly in the semiconduc-
tor industry [5].

Phonons, quasi-particles excited collectively by the lattice in
solids, occupy a pivotal position in the problem of thermal trans-
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port in non-metallic solid materials, represented by semiconduc-
tors [6-9]. The broad “constitutive relationship”, reflecting the re-
lationship between the structure of the study object and its prop-
erties, aims to use physics as a bridge from structural design to
reliable performance modulation. Artificial phononic crystals are
a typical class of functional materials guided by “constitutive re-
lationships”, where the periodic design of the structure enables
the modulation of acoustic or elastic waves, or even heat trans-
fer in solids [10-14]. Superlattices, formed by the alternating pe-
riodic arrangement of two or more different materials, were the
first nanoscale phononic crystals to be investigated, starting around
the end of the 1970’s [15]. In this way, the structural design by
phononic crystals represented by superlattices holds great promise
for the modulation of thermal transport properties in nanoscale
materials, which is indeed the case.

In superlattices with characteristic dimensions at the nanoscale,
the different manifestations of transport states caused by the
traits of phonon wave-particle crossover are a key and interest-
ing point of study. Since the establishment of a theoretical frame-
work for describing the minimum thermal conductivity in su-
perlattices, the study of thermal transport in different dimen-
sional classes of superlattices has continued to evolve. These
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Structural information on Gr/C3N lateral superlattices with different periodic properties.

Number of periods  Period length (nm)

Interface density (nm~')  Number of atoms

G 1 25.920
G, 2 12.960
G; 6 4320
Gy 10 2.592
Gs 15 1.728
Gs 30 0.864

0.077 9600
0.154 9600
0.463 9600
0.772 9600
1.157 9600
2315 9600

studies include quasi-one-dimensional Si/Ge nanowire superlat-
tices [16-19], two-dimensional (2D) heterostructures [20-22] rep-
resented by graphene (Gr)/hexagonal boron nitride (h-BN) super-
lattice nanoribbons [23], as well as near-blocky AlAs/GaAs super-
lattices [24] and 2D van der Waals superlattices represented by
Gr/h-BN [25,26]. They also cover different perspectives from the-
oretical calculations to experimental validations to simulations.
Specifically, the coherence-related regime modulation of phonon
transport has been further characterized by novel results on the
thermal conductivity, which imply a significant advance towards
the goal of phonon manipulation. However, superlattices composed
of widely favored 2D materials as components are relatively poorly
researched in this field, with a notable gap in particular around
graphene and its analogues. Since the successful preparation of
two-dimensional polyaniline (C3N) in the laboratory, a 2D material
with the hexagonal honeycomb lattice similar to that of graphene,
it has attracted a great deal of academic attention [27-29]|. The
similar lattice constant to graphene create extremely favorable
conditions for the formation of lateral heterostructures, which also
provide the necessary guarantees for the construction of superlat-
tices with both as basic components. Due to the high structural
similarity, C3N can even be regarded as a product of graphene
doped with nitrogen atoms in a regular manner from the composi-
tion. The thermal resistance of the Gr/C3N lateral heterostructures
[30,31] is much lower than that of the heterostructures formed by
Gr and other 2D materials such as h-BN [32,33] and silicene [34].
Therefore, clarifying the behavior of phonon thermal transport in
superlattices composed of Gr and C3N can help to provide further
insight into the influence of one-dimensional interfaces on the co-
herence of phonon transport and the macroscopic modulation of
thermal conductivity in 2D systems.

In the present work, we report on the interesting phonon ther-
mal transport behavior induced by transport regime transitions
in Gr/C3N lateral superlattices. The specific influence of the inter-
face density or period length on the thermal transport across the
hetero-interface in the superlattice is explored through extensive
molecular dynamics (MD) simulations as well as lattice dynamics-
based phonon calculations. Based on the refinement of the analysis
of thermal conductivity to the different directions of phonons and
the contribution of different frequency bands, a useful analysis of
the physical mechanisms associated with the phenomenon of ther-
mal conductivity variation at the phonon level is presented.

2. Model and methods

Herein, six Gr/C3N lateral superlattices with different period
lengths are constructed, with the parameter details shown in
Table 1. Among them, the period length is a key structural feature
control parameter of the superlattices, which directly and compre-
hensively reflects the periodic properties of the structures. In addi-
tion, the interface density, another structural characteristic param-
eter inversely proportional to the period length, is more focused
on describing the structural characteristics of the superlattice from
the perspective of the hetero-interface. Three of these superlattices,
Gy, G3, and Gy, are represented in Fig. 1 (see Fig. S1 for all six

in the Supplementary Information (SI)), all with an overall size of
approximately 25.92 nm x 9.98 nm, based on structural informa-
tion determined by rigorous size effect verification, which will be
described in detail subsequently. It should be noted here that for
superlattices with different period lengths, the models contain dif-
ferent numbers of cell units along the thermal transport direction
(y-axis), i.e. the number of periods, in order to avoid as much as
possible the differential influence of size effects on the different
models.

All molecular dynamics (MD) simulations and lattice dynam-
ics calculations in this work have been implemented based on the
Graphical Processing Unit Molecular Dynamics (GPUMD) software
package [35-38], an efficient tool that has been widely used in
MD simulations including thermal transport. The C-C and C-N in-
teractions present in the system are described by the optimized
Tersoff potential [39,40], a set of potential functions that are re-
liable for the study of thermal transport in graphene and carbon
nitride systems. In addition, to ensure optimal system stability and
energy convergence, a time step of 0.5 fs was used for all simu-
lations in this study. At the beginning of each individual simula-
tion, the same thermal equilibration steps are performed as fol-
lows: first the atoms are given an initial velocity matching the
system temperature of 10 K and equilibrated at zero pressure for
1 ns; subsequently they are heated to a target temperature of
300 K for the next 1 ns; and finally the NPT equilibration is con-
tinued at that condition for 1 ns. After the thermal equilibrium
process is completed, different specific output processes will be
executed based on different simulation methods. The overall idea
of the MD calculations in this paper is to use homogeneous non-
equilibrium molecular dynamics (HNEMD) and its spectral decom-
position (SHC) method as the main tool for thermal conductivity
assessment, and to supplement it with non-equilibrium molecular
dynamics (NEMD) and its SHC method for the associated phonon
analysis. (Please see SI for more details of the computational meth-
ods and data processing) In addition to MD simuations, the lat-
tice dynamics calculations were also implemented to obtain the
phonon dispersions and corresponding group velocity of different
superlattices.

3. Results and discussion

First of all, it is necessary to explain the details and the spe-
cific configurations in the calculation process, which is the guar-
antee for the reliability of the results. As presented in the SI, the
selection of the driving force parameter in the HNEMD method is a
decisive indicator of whether the thermal conductivity results con-
verge or not. Specifically, as shown in Fig. S2(a), when the strength
of the driving force parameter is insufficient, the signal-to-noise
ratio is too low and the data fluctuates excessively. Conversely, the
system will fail to achieve the desired linear response. Further-
more, the verification of the size effect in the width direction in
Fig. S3 illustrates that the thermal conductivity of the system along
the length direction is not sensitive to the width, where periodic
boundary conditions are taken along the width direction. There-
fore, for the HNEMD simulations, the driving force parameter of
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Fig. 1. Schematic structures of three representative Gr/C3N lateral superlattices (a) Gy, (b) Gs, and (c) G4 with period lengths of 12.96 nm, 4.32 nm, and 2.592 nm, re-
spectively. The right side is used to illustrate the overall structure of the superlattice, which has an overall size of approximately 25.92 nm x 9.98 nm. The left side is a
schematic representation of the respective corresponding atomic-level local enlargements within a mono-period, where the colored shaded areas indicate the cell units of
the superlattice. (See supplementary information for the schematic structures of other superlattices).
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Fig. 2. Calculated thermal conductivity of the Gr/C3N superlattices. (a) The variation of the thermal conductivity of the superlattices G; ~ Gg with the length of the system
as calculated by the SHC method, where the different horizontal dotted lines correspond to the HNEMD calculation results, which are in high agreement. (b) Thermal
conductivity of the superlattice as a function of its interface density or period length. The green triangular data indicate the thermal conductivity of the random superlattice,
which corresponds to the contribution of incoherent phonons. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

F, = 0.5 ym~! was chosen in this study and nine independent sim-
ulations were performed for each model and averaged as the final
thermal conductivity results. For the NEMD method, as shown in
Fig. S4, a heat bath region of sufficient size (about 10 nm) is set
up to ensure that phonons entering the heat bath region do not
return again into the effective heat transfer area [41,42].

Here, the thermal conductivity of Gr/CsN superlattices G; ~ Gg
along the y-direction is investigated by the HNEMD and NEMD
and their SHC methods, with the interface density as the main
independent variable. As shown in Fig. 2(a), the thermal conduc-
tivity results for the infinitely long system obtained by both SHC
and HNEMD methods are highly consistent for each superlattice,
which further ensures the reliability of the results. From Fig. 2(b),
it can be observed that the thermal conductivity of the Gr/C3N su-
perlattices shows a parabolic trend of decreasing followed by in-

creasing with increasing interface density, which is similar to the
results exhibited in other similar superlattice systems. It is worth
noting that the range of thermal conductivity variation for super-
lattice systems including quasi-one dimensional and bulk is es-
sentially concentrated in the range of 0 ~30 W m~! K-! [17,25],
and even for the Gr/h-BN lateral superlattice in the same 2D sys-
tem, the thermal conductivity varies over a range of only 80 ~
160 W m~! K-1 [23]. The Gr/C3N superlattice thermal conductiv-
ity in this study, however, is able to reach a range of variation of
about 500 ~ 1100 W m~! K-, which also implies the possibility
of its very large range of modulation applications.

This non-monotonic variation in thermal conductivity depend-
ing on the interface density is mainly attributed to a shift in the
phonon transport regime, specifically the difference between the
presence and absence of the coherence. In the Gr/C3N superlattice,
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Fig. 3. The (a) spectral thermal conductivity results for the Gr/C3N superlattice G; ~ Gg and its (b) in-plane and (c) out-of-plane components, and the corresponding (d-f)
cumulative values of thermal conductivity as a function of phonon frequency. The subplot in (c) represents a magnified display of the 0 ~ 20 THz frequency band, which
is the core component leading to the differentiation of thermal conductivity. The subplots in (e) and (f) show the in-plane and out-of-plane contributions for thermal
conductivity of the six superlattices, respectively, both of which have exactly the same range of values in order to perform a clear comparison.

the hetero-interface is undoubtedly the main source of phonon
scattering, yet as the interface density increases, an increase in
thermal conductivity occurs that is contrary to the enhanced ef-
fect of phonon scattering. Therefore, while keeping the number
of hetero-interfaces constant, we break the perfect periodicity of
the superlattice by randomly adjusting the size of its components,
which we call as “random superlattice”. The random superlattice
is able to ensure phonon scattering at interfaces as close as possi-
ble by controlling the number of hetero-interfaces, and to suppress
coherent transport of phonons by breaking the periodicity, form-
ing together with the superlattice an ideal system for the study
of coherence-dependent phonon transport regimes. Fig. S6 shows
the structure of the partially random superlattice RG;~ RGg cor-
responding to the superlattice G~ Gs. Note here that since the
superlattice Gg contains the smallest unit of Gr and C3N in a sin-
gle period, i.e. a single hexagonal ring, the structure at this inter-
face density is unique and has no variants, so the random super-
lattice RGg does not exist. For each random superlattice, we cre-
ated 12 different structures and calculated their thermal conduc-
tivity, as shown in the green triangle in Fig. 2(b). The thermal con-
ductivity of the random superlattice continues to decrease as the
interface density increases, due to the stronger phonon scattering
caused by the increased hetero-interface density. Next, the thermal
conductivity results for the superlattice and the random superlat-
tice are compared longitudinally. At low interface densities, their
thermal conductivities are almost equal, reflecting the fully inco-
herent phonon transport properties where the thermal conductiv-
ity is affected by approximately the same hetero-interface scatter-
ing. However, as the interface density increases, the two show op-
posite trends. The thermal conductivity of the superlattice appears
to be partially contributed by coherently transported phonons and
progressively more coherent, as reflected in the difference between
its thermal conductivity and that of the random superlattice. Over-

all, the incoherent phonon-dominated thermal conductivity of the
superlattice gradually decreases as the interface density increases,
while the coherent phonon-dominated thermal conductivity in-
creases from absent to present and continues to increase, together
leading to a decreasing and then increasing trend in the thermal
conductivity of the Gr/C3N superlattice, which is a macroscopic
manifestation of the transition from the incoherent to the coher-
ent regime of phonon transport. In addition, the calculated thermal
conductivity results for a Gr/C3N superlattice with an extended pe-
riod length to about 100 nm and an interface density to about
0.02 nm~! are also shown in Fig. S7, which provides a meaning-
ful extension of the thermal conductivity results for the incoherent
transport regime in Fig. 2(b). It is also important to mention that
in the absence of the hetero-interfaces, that is, pristine graphene
and C3N, the thermal conductivity are beyond 2000 W m~! K-!
[36,43], which is significantly higher than that of the Gr/C3N su-
perlattice. This is a natural consequence of the introduction of the
hetero-interfaces.

Next, to further explore the deeper reasons for the difference
in thermal conductivity of the superlattices G; ~ Gg, their spec-
tral thermal conductivity results « (w) with respect to phonon fre-
quencies are plotted in Fig. 3(a-c). Firstly, from an overall perspec-
tive, the contribution of superlattice thermal conductivity comes
from phonons in the low-and-mid frequency bands between 0 and
40 THz, with the low frequency phonons at 0 ~ 20 THz clearly
dominating. Moreover, the difference between the thermal con-
ductivity of the superlattice G; ~ Gg in the mid-frequency band
is not significant compared to the low-frequency band, which re-
inforces that the contribution of low-frequency phonons to the
thermal conductivity is the fundamental reason for the differen-
tiated thermal conductivity results. As can be seen in Fig. 3(b), the
in-plane phonon contribution component of the six superlattice
thermal conductivities is almost indistinguishable both in terms
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Fig. 4. Variation of (a) phonon density of states and their (b) in-plane and (c) out-of-plane components with phonon frequency for Gr/CsN superlattices Gy, G,, Gs, and
Gs. (d-f) With G as a reference system, the relative phonon populations of G;, G3, and Gs as a function of phonon frequency, which includes the components in the three

directions in the Cartesian coordinate system.

of amplitude and dominant frequency band, and the thermal con-
ductivity contributions in the mid frequencies are almost all de-
rived from in-plane phonons. However, the results for the out-of-
plane phonon contribution to the spectral thermal conductivity in
Fig. 3(c) exhibit a very similar shape to the total « (w). Specifically,
the difference in the low-frequency out-of-plane phonon contri-
bution to the thermal conductivity is directly responsible for the
difference in the thermal conductivity of the superlattice at dif-
ferent interface densities. During the transition from the incoher-
ent to the coherent transport regime, the low-frequency out-of-
plane part of the k (w) exhibits the same suppressed and then en-
hanced trend as the thermal conductivity change in Fig. 2(b). In
the incoherent transport regime, the increase in superlattice in-
terface density suppresses the contribution of low-frequency out-
of-plane phonons to the thermal conductivity by increasing the
phonon scattering rate. Entering the coherent transport regime, the
increasing superlattice interface density instead continuously ex-
cites the low-frequency out-of-plane phonon contribution, result-
ing in an unexpected and sustained increase in thermal conductiv-
ity.

Also as shown in Fig. S8, comparing the spectral thermal con-
ductivity results for pristine graphene in Ref. [44], the shape and
trend of the superlattice spectral thermal conductivity becomes in-
creasingly close to that of pristine graphene as coherent transport
is enhanced within the coherent transport regime, implying a sim-
ilar phonon state. In other words, the high interface density of the
superlattice greatly weakens the hybrid effect through the real-
ization of coherent transport, which is beneficial for the applica-
tion of lateral superlattice devices in thermal transport. Further,
the cumulative thermal conductivity kg of the superlattice Gq
~ Gg with phonon frequency as the independent variable is plot-
ted based on the spectral thermal conductivity results, as shown
in Fig. 3(d-f), which enables a dynamic view of the overall results
for phonon thermal conductivity over the full frequency band. In

general, the difference between the in-plane phonon contribution
for different superlattice thermal conductivities is small compared
to that of the out-of-plane phonon, as reflected by the denseness
of the kgcey curve distribution. Specifically, the subplots of Fig. 3(e
and f) clearly present the specific variation of the in-plane and out-
of-plane components for different superlattice thermal conductiv-
ities. In particular, the out-of-plane component perfectly matches
the trend of the total thermal conductivity, which further explains
its dominance.

Next, we present a series of analyses of the above thermal con-
ductivity trends of the superlattice from the perspective of phonon
activity, which is an effective means of exploring its fundamental
physical origin. First, the phonon density of states (PDOS), which
reflects phonon activity in different modes [45,46], is calculated as
shown in Fig. 4(a-c), which is obtained from an auto-correlation
analysis of the atomic velocities:

+00

PDOS;y (@) =/ (Vi (Vi (0))e~2'dt (o =x.Y.2) (1)

—00

where (v, (t)v;,(0)) denotes the velocity auto-correlation function
(VACF) of atom i in the « direction at the time t. It should be
noted that for clarity and brevity of presentation, four superlat-
tices Gy, Gy, Gs, and Gs are chosen here for representative analysis,
and these are sufficient to capture the overall trend of the ther-
mal conductivity variation with the interface density. A decompo-
sition of the in-plane and out-plane contributions was also carried
out, in the same way as the previous decomposition of the ther-
mal conductivity. From Fig. 4(c), it is easy to see that among the
four superlattices, the difference in the low-frequency out-of-plane
phonon PDOS that dominates the difference in thermal conductiv-
ity is not obvious, except for G5, which has a naked eye advantage.
Therefore, we choose to take the PDOS of G; as a benchmark and
introduce the following phonon mode occupation ratio An(w) to
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reflect the variation in phonon populations:

1+ fow PDOSEGde()/
1 +f(;u PDOSEGldw’

An(w) = 1 (m=2,3,5) (2)

The variation of the phonon populations in the superlattice
with respect to G; can be reflected from the positive or nega-
tive of this indicator An(w). In the direction along the thermal
transport, as shown in Fig. 4(e), the in-plane phonon mode occu-
pancy ratios of the four superlattices are almost identical. The low-
frequency out-of-plane phonons that dominate the thermal trans-
port in Fig. 4(f) show a good agreement with their thermal con-
ductivity results: this is evident in the slightly smaller in G,, the
slightly larger in Gs, and the much larger in G5 phonon occupancy
ratios.

In addition, the effect of phonon localization on thermal trans-
port in hybrid systems containing interfaces or defects is well
worth considering, as reflected by the phonon participation rate
(PPR):

2 2
PPR(w) = L (ZiPPOS @) 3)
N Y, PDOS;‘(a))
where N is the total number of atoms involved in the calculation
and PDOS;(w) is the phonon density of states result for the atom
numbered i calculated from Eq. (1), such that the calculation can
implicitly include all orders of anharmonic scattering by MD sim-
ulations. From the results in Fig. 5, it appears that corresponding
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to the low-frequency band where the thermal conductivity differ-
ence is significant, the superlattice also exhibits PPR features that
reflect the thermal conductivity difference, especially in the low
frequency band at 3 ~ 10 THz. As the phonon frequency increases
from 1 THz to 10 THz, the PPR of the superlattice is invariably
weakened to varying degrees. It is evident that at the trough of the
weakened PPR, the different minima corresponding to the different
superlattices also reflect the phonon activity and thus to some ex-
tent the relative magnitude of the thermal conductivity.

More importantly, thermal transport in solids can be under-

stood in terms of a simple kinetic theory of gases, relying on
the classical phonon gas model where the thermal conductivity of
phonons can be expressed as:
1
3
where Cy is the specific heat per unit volume of the particles, vg
is the phonon group velocity, and A is the phonon mean free path
(MFP) defined as the average distance traveled by the phonon be-
tween the occurrence of two scattering events. Next, we will go
further to reveal the origin of the differential thermal conductivity
in the Gr/C3N superlattice in terms of intuitive phonon properties
by means of the MFP and group velocity of phonons respectively.

In the phonon thermal transport of hybrid nano-systems, the
phonon MFP reflects well the scattering of phonons during trans-
port, which is decisive for the thermal conductivity of solids
[47,48]. Due to the influence of the relative relationship between
phonon MFP and system size on the phonon transport regime, un-
der the NEMD approach, this can be achieved by Matthiessen’s
theorem ﬁ =1+ and the relation % = ﬁ for the extrap-
olation of the thermal conductivity from finite to infinite system
dimensions:

1T _1( .
OB G

—AX1+1 (5)

- Ko L Ko

K = vag)» (4)

where k(L) denotes the thermal conductivity of a finite system
with feature size L and effective phonon MFP of A(L), and A and
ko are the phonon MFP and thermal conductivity of an infinite
size system, respectively. Also, with the help of the spectral ther-
mal conductivities k (w) and G(w) obtained by the HNEMD- and
NEMD-based SHC methods, respectively, the phonon MFP can be
extended to frequency-dependent results as follows:

Ko(w) _ K(w)

ko _
h= Co(@) — Clw)

o M= (6)

Based on the above theory, we evaluate the phonon MFP in-
formation obtained for the Gr/CsN lateral superlattice G; ~ Gg,
as shown in Fig. 6. In terms of the overall phonon MFP, it clearly
shows a decreasing and then increasing trend with increasing in-
terface density in almost the same way as the thermal conductiv-
ity. Further refining to the frequency-dependent phonon MFP re-
sults, the maximum phonon MFP in the limit where w tends to
zero for the superlattice G; ~ Gg is approximately 510 nm, 320 nm,
240 nm, 700 nm, 1600 nm, and 3770 nm, respectively, which does
not appear to be in good agreement with the corresponding ther-
mal conductivity results. However, as the phonon frequency in-
creases to about 3 THz, the phonon MFP of the superlattices G,
and Gj start to produce a change in the ranking of the full su-
perlattice results. The phonon MFP of G, exhibits a significant de-
crease and the magnitude relationship between the phonon MFP
of the superlattices remains consistent with the thermal conductiv-
ity relationship in the low-and-mid frequency band where thermal
transport is dominant. Similar to the spectral thermal conductivity
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results, the difference in the in-plane component of the superlat-
tice phonon MFP is also not significant. The phonon transport is
clearly evident here: the increase in interface density appears to
weaken the phonon MFP by enhancing scattering, but the smaller
the period length the more phonons can be transported across the
hetero-interfaces, and the phonon transport regime is then trans-
formed from incoherent to coherent, reflecting the dual effects of
the hetero-interface on the phonon thermal transport in the super-
lattice.

Finally, another important influence on the thermal conductiv-
ity in Eq. (4) will be considered, namely the phonon group veloc-
ity vg, which reflects the propagation of energy by lattice vibra-
tions [49]. For this purpose, we have selected four Gr/C3N super-
lattices, Gq, G, Gs, and Gs, as representative structures and plot-

ted their phonon dispersion in Fig. S9. Here, the low-frequency
acoustic branch of the 0 ~ 20 THz dominant thermal conductiv-
ity difference are only focused on. Note that here the number of
atoms within the superlattice unit cell is high and proportional
to the period length, and the number of vibration modes in the
dispersion curves follows this pattern. In Fig. S9, the characteris-
tic behaviour of the phonon dispersion curves for the four densely
distributed superlattices is so similar that it is difficult to cap-
ture clear and valid information with the naked eye. Further, infor-
mation on phonon group velocities was extracted from the above
phonon dispersion relations and statistically better visualized aver-
age results were obtained, as shown in Fig. 7. It is not difficult to
find that the difference in interface density in the direction of ther-
mal transport across the hetero-interface in the Gr/C3N superlattice
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has almost no effect on the low-frequency phonon group veloc-
ity. Combined with the previous results, it can be concluded that
the transformation of the phonon transport regime in the Gr/C3N
superlattice with changing interface density is all reflected in the
change of phonon MFP, while the group velocity is almost unaf-
fected.

4. Conclusion

In summary, through extensive MD simulations including
HNEMD, NEMD and their respective spectral decomposition meth-
ods, complemented by a mechanistic analysis of the lattice dynam-
ics at the phonon perspective, we have investigated in depth the
phonon thermal transport behavior across the hetero-interface in
the lateral superlattice. As the hetero-interface density increases,
the thermal conductivity of the superlattice shows a parabolic
trend of decreasing and then increasing, which implies a shift of
the phonon transport from incoherent to coherent regimes. The
decomposition of the in-plane and out-of-plane contributions to
the thermal conductivity and the phonon frequency dependence
analysis reveal that, as in the case of the universal phonon ther-
mal transport regime, it is the low-frequency out-of-plane phonons
that dominate the difference in thermal conductivity of the differ-
ent Gr/C3N superlattices. The comparative analysis and the asso-
ciated phonon calculations with the introduction of random su-
perlattices together show that: (i) the stronger phonon scattering
due to the increased density of the hetero-interface continuously
weakens the thermal conductivity, which corresponds mainly to
the difference between the superlattices in the incoherent trans-
port regime and the random superlattices in the whole regime;
(ii) while the increase of the superlattice interface density in gen-
eral leads to a significant increase of the phonon MFP and thus of
the thermal conductivity after entering the coherent transport do-
main, and the phonon MFP is the only factor in the increase of the
thermal conductivity, independent of the phonon group velocity.
This can be attributed qualitatively to the dual effects of increas-
ing of the hetero-interface density, or decreasing the period length,
on phonon thermal transport, which on the one hand weakens the
thermal conductivity by enhancing phonon scattering, and on the
other hand increases the thermal conductivity by reducing the bar-
riers to phonon transport across the interface. It is this combina-
tion of factors that leads to the interesting trends in the thermal
conductivity of superlattices. These findings provide a new under-
standing of the mechanism of the influence of hetero-interfaces on
phonon thermal transport in 2D lateral superlattices, which is ex-
pected to further advance the development of superlattice nanode-
vices for optimal thermal management and design.
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