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ABSTRACT: Van der Waals heterostructures have great potential for realizing
ultimately low thermal conductivity because defect-less interfaces can be constructed
at a length scale smaller than the phonon wavelength, allowing modulation of coherent
phonon transport. In this letter, we demonstrate the mechanism for thermal conductivity
reduction at a mode-resolved level. The graphene-WS; heterostructure with the lowest
cross-plane thermal conductivity of 0.048 W/m-K is identified from 16384 candidate
by combining Bayesian optimization and molecular dynamics simulations. Then, the
angle-resolved phonon transmission is calculated using the mode-resolved atomistic
Green’s function. The results reveal that the optimal heterostructure nearly completely
terminates phonon transport with finite incident angles owing to the reduced critical

incident angle and suppression of phonon tunneling.
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The extraordinary properties of graphene, such as its high electrical conductivity,
exceptional mechanical strength, optical transparency, make it highly promising for
diverse applications 1. Graphene’s promising properties have encouraged researchers
to explore the landscape of two-dimensional (2D) materials beyond graphene.
Transition-metal dichalcogenide (TMDC) materials, whose chemical formula is MX>
(M =Moor Wand X =S, Se, or Te), have also attracted tremendous attention owing
to their excellent thermal and electrical properties 3. With advances in synthesis
technology, van der Waals (vdW) heterostructures can be fabricated by stacking 2D
materials 4. VAW heterostructures not only address graphene’s zero-bandgap limitation
but also serve as highly efficient thermal insulators ® and thermal transistors .

Thermal properties optimization of materials is crucial for efficient energy
conversion, enhanced thermal insulation, and the development of multifunctional
materials for various technological advancements ’-°. Phonons are the main
quasiparticles that mediate thermal conduction in semiconductors and insulators.
Therefore, phonon engineering, which refers to the manipulation and control of
phonons to obtain targeted thermal properties, has attracted significant attention.
Common phonon engineering strategies using impurities *°, nanoparticles %*2, defects
13 and inclusions *!° are based on solving the Boltzmann transport equation, which
treats phonons as particles. However, these phonons scatter effectively only across a
confined frequency spectrum, typically in the high-frequency range 6. A key approach
to achieve broad spectrum impedance involves modifying coherent phonon waves
using nanostructures, such as creation of phonon interference ', forbidden phononic
band gaps & and phonon localization *°.

The ability to lower thermal conductivity in superlattices by manipulating coherent
phonon transport has been further demonstrated using material informatics 22, Ju et
al. 2° combined machine learning (ML) and the atomistic Green’s function (AGF) to
obtain an optimal Si/Ge heterostructure with minimum thermal conductance, which
was attributed to the inhibition of constructive phonon interference. Assisted by ML,
Hu et al. 2! experimentally determined an aperiodic GaAs/AlAs heterostructure with
significantly lower thermal conductivity than their periodic counterparts. A major
challenge in investigating phonon coherence in these heterostructures is the
requirement for smooth interfaces with a roughness that is smaller than the phonon
coherent length to avoid phonon phase breaking and phonon-phonon interactions.

The extremely smooth interfaces of vdW heterostructures present them as an ideal
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platform for investigating coherent phonon. Strategies for engineering coherent phonon
transport in vdW heterostructures include modification of the interlayer rotation 2224,
cross-plane strain 2°, interlayer contact area °, and stacking order 72%. For example, by
combining Bayesian optimization with molecular dynamics simulations, a
graphene/MoS; heterostructure with an ultralow thermal conductivity at room
temperature was obtained owing to strong Anderson localization ’. However, because
the calculated phonon transmission was not mode (angle) resolved, the precise
mechanism of the system was not understood.

This letter aims to develop a mechanism for lowering the cross-plane thermal
conductivity of graphene-WS; vdW heterostructures. By combining Bayesian
optimization and nonequilibrium molecular dynamics (NEMD) simulations, we
identify the optimal stacking order for minimizing thermal conductivity. We adopt a
graphene-WS; heterostructure owing to its large mass mismatch, and WS; is chosen
based on its high Seebeck coefficient 2728 and comparatively low thermal conductivity
2930 'making it a good candidate for thermoelectric applications. Among TMDC
materials, WS> is expected to have the highest mobility due to the reduced effective
mass 3! and low thermal conductivity due to high average atomic mass 2. Using the
mode-resolved AGF method, the heat conduction in the vdW heterostructures is
resolved to the level of individual phonon polarizations, whose incident angles are
utilized to elucidate the role of phonon tunneling.

Our approach contains three crucial components. First, each graphene/WS;
heterostructure consists of a random arrangement of graphene and WS layers. The unit
cell parameters for graphene and WS are set to 4.260 A x 2.460 A and 5.520 A x 3.187
A, respectively. To create the heterostructure supercell, we utilize a 13 x 22 unit cell
configuration (55.39 A x 54.12 A) for graphene and a 10 x 17 unit cell configuration
(55.20 A x 54.18 A) for WS,. To eliminate the remaining mismatch in the supercell, a
small strain within 1% (0.3% and 0.1% in the x and y direction, respectively) is
introduced in graphene: the strain is sufficiently small as to not affect the cross-plane
thermal conductivity "33, which is demonstrated in Fig. S1 and Fig. S2 of Supplemental
Material. Subsequently, the LAMMPS package 3* is employed for the NEMD
simulations (details in Supplemental Material).

To determine the heterostructure configuration with the lowest cross-plane thermal
conductivity, we perform machine-learning-based structural optimization 7 which

combines thermal conductivity calculations and Bayesian optimization 5. A binary
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array representation (descriptors) is utilized to describe each potential heterostructure;
the graphene and WS; layers are labeled as “0” and “1”, respectively. We fix the
number of layers to N = 14 for a total number of potential candidates of 2N or 16,384.
By taking the 20 initial structures as the original training dataset and calculating their
thermal conductivities using NEMD simulations, we employ Thompson sampling to
predict the next 10 candidate structures from the candidate pool according to their
probability of being optimal (details in Supplemental Material).

The optimized heterostructure is analyzed using the mode-resolved AGF method
adopted in Ref. *°. While the NEMD calculations have the advantage of naturally
including all orders of anharmonicity in phonon-phonon scattering ’, the dynamics are
treated classically and quantum effects are not considered. By contrast, the AGF
approach, which considers quantum statistics, offers a straightforward means of
tracking the behavior of phonons within a given frequency range. By utilizing the AGF
approach, we can better understand the mechanism behind thermal conductivity
reduction in terms of phonon behavior . Therefore, the lattice thermal conductivity of
pristine WS, pristine graphite, periodic superlattice, and optimized heterostructures are
calculated using the mode-resolved AGF method. Because of the huge computational
load required to calculate the force-constant matrix and the transmission function in
heterostructures being of the same size as those considered in the NEMD study, we
perform mode-resolved AGF calculations for a smaller heterostructure with a reduced
cross-section. Within the mode-resolved AGF framework 3°4°, the system is partitioned
into three interconnected components: left and right semi-infinite leads and the central
device region. The left and right leads consist of an infinite array of double-layer
graphene or graphite, whereas the center region consists of a heterostructure. Details
regarding the mode-resolved AGF are provided in the Supplemental Material and Ref.
36, Then, the temperature-dependent thermal conductance per unit area o (T) for the

device region is calculated in the Landauer formalism *'*? (Supplemental Material).
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FIG. 1. (a) Variation of thermal conductivities during Bayesian optimization. (b) Thermal
conductivities obtained by NEMD and mode-resolved AGF for graphene-WS, (periodic)
superlattice and (a-periodic) optimized heterostructure. The structure of the (c) superlattice and (d)
optimized heterostructure. The dependence of () transmission and (f) reflection on frequency for
the superlattice and optimized heterostructures.

Figure 1(a) shows the optimization procedure combining Bayesian optimization of
the stacking order and NEMD simulations for determining the graphene-WS;
heterostructure with the lowest thermal conductivity, performed twice with different
initial candidates to minimize the stochastic influence. The curves in the dashed box
on the right show the thermal conductivity probability distributions for the two
optimization procedures 2°. The results yield an optimized heterostructure with the
lowest thermal conductivity of 0.048 W/(m-K), which is only 5% of graphite thermal
conductivity (Fig. 1(b)). This value is of the same magnitude as the cross-plane thermal
conductivity obtained by controlling stacking order in the previous studies [28][29]. In
addition, the 95% reduction is substantial compared to the 50% reduction achieved
through modifications in rotation angle 2, strain 2, and insertion *3, demonstrating that
the controllability by heterostructure is larger. Interestingly, the thermal conductivity
of the optimized heterostructure (00000011001000, shown in Fig. 1(d)) is only half that
of the corresponding periodic superlattice (01010101010101, shown in Fig. 1(c));
however, the former has significantly fewer heterointerfaces. Since such graphene-WS;
vdW heterostructures haven’t fabricated experimentally, we evaluated the thermal
stability of superlattice and optimized heterostructure, as shown in Fig. S3. Moreover,
we have performed calculations of the thermal conductivity of materials consisting of

many repetitions of the layer stack using NEMD simulations, as shown in Fig. S4,



which indicates the conclusion on the effectiveness of the optimization can be extended
to larger sized system.

Figure 1(b) shows the thermal conductivity results obtained using mode-resolved
AGF, which are similar to those obtained using NEMD. The reason behind the similar
thermal conductivity values calculated by NEMD and AGF despite the difference in
classical/quantum statistics is illustrated in Fig. S5.

The frequency-dependent transmission spectrum obtained using AGF is displayed in
Fig. 1(e). We observe that, except for certain frequencies below 1 THz, the transmission
spectrum of the optimized heterostructure is smaller over the full frequency range than
that of the superlattice. The low frequency phonons (< 1 THz) do not account for the
thermal conductivity difference between superlattice and optimized heterostructure, as
shown in Fig. S6. This conclusion remains valid even as the system thickness increases,
as demonstrated in Fig. S7. Figure 1(f) shows the calculated phonon reflection, which
is essential for understanding the interface scattering of phonons. The phonon reflection
of the optimized heterostructure is clearly higher than that of the superlattice, which
explains the low phonon transmission in the optimized heterostructure. To understand
the mechanism underlying the high reflection in the aperiodic-optimized
heterostructure, the phonon transmission spectra of the periodic superlattice and
aperiodic-optimized heterostructure are decomposed mode-wise.

It has been extensively documented that flexural phonons contribute remarkably to
the in-plane thermal conductivity of 2D materials and that interfacial scattering is the
main factor accounting for the reduced in-plane thermal conductivity of substrate-
supported 2D materials 4%, By contrast, there has been much less investigation into
the role of flexural phonons in out-of-plane thermal conductivity 4’8, Therefore, we
evaluate the thermal conductivity contributions of different phonon branches for the
superlattice and optimized heterostructure. Due to the additional interlayer interactions,
the out-of-plane acoustic modes in graphite deviate from the quadratic dispersion
relation of ZA mode in graphene °, resulting in quasi-flexural behavior *°. These out-
of-plane quasi-flexural modes in graphite are conventionally referred to as longitudinal
acoustic (LA) phonons (detailed explanation in Supplemental Material) °1>4. We use a
two-stage hybrid algorithm *° to distinguish the branches. Figure 2(a) and 2(b) show
that the LA phonon contribution dominates in both heterostructures and accounts for
the difference in thermal conductivity. Therefore, we focus on the transport of LA

phonons. At the same time, since there is non-negligible contribution from LO’
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phonons to thermal conductivity, the contribution of LO’ phonons are discussed in
Supplemental Material (Fig. S8).

Before proceeding with the analysis, we clarify two concepts °¢°7. The first concept
is that of the critical angle (Fig. 2(c)). Phonons with incident angles larger than the
critical angle undergo total reflection without refraction. However, an evanescent wave

is nevertheless transmitted to the other side of the interface despite total reflection. As
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FIG. 2. Thermal conductivity contribution of different phonon branches for (a) superlattice and (b)
optimized heterostructure. The schematic of (c) critical angle and (d) phonon tunneling. The
dependence of LA phonon modal transmission on frequency and angle of incidence for (e)
superlattice and (f) optimized heterostructure, respectively. (g) The dependence of phonon modal
transmission on frequency for superlattice at 43° and 60°. (h) The dependence of phonon modal
transmission on frequency for optimized heterostructure at 31° and 60°.

illustrated in Fig. 2(d), phonon tunneling occurs if the evanescent wave refracts into a
third medium (the bottom gray part) before being completely damped and becoming a
propagating mode, which causes the phonon transmission for the mode to no longer be
zero. Previous studies discussed the effects of phonon tunneling on thermal transport in
the context of long-range Coulombic forces °%°°, For example, Igor et al. °® invoked the
interfacial electric field-induced phonon tunneling mechanism to explain interfacial
thermal transport. This study investigates the effects of critical angle and phonon
tunneling on thermal transport in vdW heterostructures for the first time.

Figure 2(e) shows the dependence of the LA phonon modal transmission in the
superlattice on frequency and incident angle. Modal transmissions that fall below

1x10 (denoted by brown symbols) are regarded as total reflection with negligible



contribution to thermal transport. The extracted modal transmission values for the
superlattice and optimized heterostructure are shown in Fig. S10. When the angle of
incidence is larger than 43°, some phonon modes are totally reflected. Therefore, the
critical angle for the LA phonons in the superlattice is 43°, and the nonzero modal
transmission at larger angles of incidence is due to phonon tunneling. Similarly, as
shown in Fig. 2(f), the critical angle for the LA phonons in the optimized
heterostructure is 31°, which is smaller than that of the superlattice.

We confirm the presence of phonon tunneling through the frequency dependence of
the modal transmission, displayed in Fig. 2(g) and 2(h) (the dependence of phonon
modal transmission on frequency for the optimized heterostructure at 43° is shown in
Fig. S11). The frequency shows an exponential decay, which is characteristic to phonon
tunneling >®°7. By contrast, the dependence of the phonon modal transmission on the
frequency does not decay exponentially when the angle of incidence is lower than the
critical angle (Fig. S12).

To visualize how the critical angle and phonon tunneling can be controlled by
nanostructuring, we compare the modal transmissions of the superlattice and optimized
heterostructure in detail by selecting two representative frequencies in the higher (2.42
THz) and lower (1.16 Hz) frequency regimes, which correspond to the cases with and
without phonon tunneling. Figure 3 shows the wave vectors in the Brillouin zone of
graphite and the corresponding transmission. For the superlattice, the higher-frequency
case in Fig. 3(a) shows a clear contrast in the transmission between the interior and
exterior of the critical cone, which confirms that only phonons with wave vectors within
the critical angle can be transmitted. By contrast, in the case of the lower frequency
shown in Fig. 3(b), the phonon modes outside the critical cone exhibits large

transmission owing to phonon tunneling.



In the optimized heterostructure, the transmission is largely modulated by the
arrangement of the graphene and WS; layers between the graphite leads. At the higher
frequency shown in Fig. 3(c), phonons with wave vectors inside the critical cone are
fully suppressed owing to the stopbands formed by destructive phonon interference (Fig.
S12 (b) and (d)). The stop bands are analogous to optical stop bands and are associated

with minigaps in the phonon spectra 6. At a lower frequency, the transmission in the
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FIG. 3. Wave vectors in the Brillouin zone of graphite lead and their corresponding transmission.
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superlattice (Fig. 3(b)) due to phonon tunneling is substantially suppressed for wave
vectors outside the critical cone in the optimized heterostructure (Fig. 3 (d)). For
instance, the transmission of the phonon mode at a (64°) and £ (57°) in Fig. 3(b) and
(d) is suppressed from 0.503 to 0.089 and from 0.023 to 0.006, respectively. These
findings clarify how the optimized heterostructure attenuates phonon tunneling.

These results reveal that the optimized heterostructure impedes phonon transport by
enhancing destructive phonon interference, reducing the critical angle, and suppressing
phonon tunneling. The impact of these characteristics on thermal conductivity can be
evaluated by comparing the dependence of the phonon transmission on the angle of
incidence for the superlattice and the optimized heterostructure, as shown in Fig. S13.
The differences in thermal conductivity between the superlattice and the optimized
heterostructure attributed to enhanced phonon interference (0-31°), reduced critical
angle (31-43°), and suppressed phonon tunneling (43-90°) are 0.004 W/(m-K), 0.006
W/(m-K), and 0.024 W/(m-K), respectively. Therefore, we conclude that the low



transmission of the optimized heterostructure is mainly due to the suppression of
phonon tunneling. Lastly, we simply provide the experimental feasibility of our

research in the Supplemental Material.

Through Bayesian optimization of the stacking order and NEMD simulations, the
aperiodic-optimized graphene-WS, heterostructure with an ultralow thermal
conductivity of 0.048 W/(m-K) is identified from 16384 candidates. To elucidate the
underlying mechanism, the mode-wise phonon transmission through the aperiodic-
optimized heterostructure and periodic superlattice is directly examined using the
mode-resolved AGF method. The results show that for both the optimized
heterostructure and superlattice, LA phonons dominate the cross-plane heat transport.
Analysis of the dependence of the phonon transmission on the incident angle and
frequency shows that the ultralow thermal conductivity originates from the
controllability of suppressing phonon tunneling. These findings yield physical insight
into how broad-spectrum and angle-phonon transports can be terminated.

Supporting Information: Details of NEMD simulations, machine-learning-based
optimization, and mode-resolved AGF calculation; influence of strain on thermal
conductivity; thermal stability; size dependence; influence of classical/quantum
distribution; modal contribution to thermal conductivity; phonon dispersion of lead and
graphene-WS, vdW heterostructures; modal transmission and its dependence on
frequency and incident angle; temperature dependence; discussion of experimental

feasibility.
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