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ABSTRACT 

Two-dimensional van der Waals (vdW) heterostructures are critical for advancing nanoscale thermal management in next-generation 
electronics. Hexagonal boron nitride (h-BN) and graphene, with their structural similarity and minimal lattice mismatch (1.8%), offer 
unique advantages as hybrid heat-spreading materials. This study investigates the thermal conductivity of single-layer h-BN/graphene 
(SLh-BN/SLG) heterostructures using equilibrium molecular dynamics (EMD) simulations based on the Green−Kubo method, 
evaluating both in-plane and out-of-plane phonon transport. Density functional theory (DFT) calculations elucidate phonon dispersion 
relations and interfacial interactions, revealing the critical role of low-frequency acoustic phonon modes in governing thermal 
transport. Results demonstrate that the SLh-BN/SLG heterostructure achieves a thermal conductivity of 1631.9 ± 26.8 Wm–1K–1 in the 
AA stacking configuration—surpassing the AB stacking configurations. This enhancement is attributed to synergistic phonon coupling 
at the interface, which minimizes scattering losses. The findings highlight the potential of h-BN/graphene heterostructures for efficient 
heat dissipation in nanoelectronics, providing a foundation for designing devices with precise thermal control. 
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1. INTRODUCTION 

Thermal conductivity at the interface is one of the 
important considerations for heat dissipation in the 
miniaturization of high-power and high-frequency 
electronic devices, especially at the same length scale as the 
dominant phonon mean free path. While shrinking the size 
and increasing the number of transistors on a chip can 
improve computing capabilities over time, it also 
contributes to increased power dissipation across devices. 
Therefore, changes to this device will lead to an inevitable 
increase in temperature and result in a significant 
deterioration in the performance and reliability of the 
device [1]. When the temperature exceeds the normal 
operating range, where the localized heat released from the 
device cannot be dissipated efficiently, the device is at risk 
of overheating and further leads to decreased performance, 
failure, or explosion. The heat release ability of a material is 
directly associated with its thermal conductivity. At room 
temperature, the thermal conductivity of thermal interface 
materials (TIMs) commonly used in electronic devices is 
around 0.3 Wm−1K−1 for polymer-type materials [2] to 
2000 W m−1K−1 for single crystal diamond [3]. In addition, 
the latest TIMs technology involve thermal greases (0.9 to 
5 Wm−1K−1), phase change materials (0.13 to 0.48 Wm−1K−1) 
[4], and thermal pads (43.3 Wm−1K−1) [5]. However, the 
effectiveness of TIM is still questioned due to the existence 
of factors such as the thermal degradation of the material, 
interfacial gaps, and the interfacial roughness [6]. The 

application of two-dimensional (2D) materials such as 
graphene, hexagonal boron nitride (h-BN), and transition 
metal dichalcogenides (TMDs) as heat dissipating materials 
has shown high potential due to their exceptional thermal, 
electrical, and electronic properties [7, 8]. The selection of a 
suitable heat spreader involves the consideration of several 
important factors such as thermal and electrical 
conductivity, which determines how much heat can pass 
across the interface without experiencing any short-
circuiting of the device's functionality. 

From a physics perspective, 2D materials show different 
thermal properties compared to their bulk counterparts, 
including ballistic [9] and hydrodynamic [10] phonon 
transport properties at temperatures as low as 100 K. 
Although the in-plane thermal conductivity of 2D materials 
can be higher, the out-of-plane thermal conductivity is 
about an order of magnitude lower. For example, the out-of-
plane thermal conductivity of graphitic materials are 
around 6 Wm−1K−1, which is significantly lower than its in-
plane value of around 2000 Wm−1K−1 [3]. Meanwhile, the 
out-of-plane thermal conductivity of h-BN has been 
reported as low as 5.2 Wm−1K−1 [11], which is lower than 
the in-plane thermal conductivity value measured in 
previous studies [12, 13]. This obtained out-of-plane 
thermal conductivity value can be attributed to non-
isotropic phonon scattering in 2D materials consisting of 
weak van der Waals (vdW) bonds between layers [14]. 
Another limiting factor for the out-of-plane thermal 
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conductivity of 2D materials is the phonon interaction with 
the substrate, which results in a thermal boundary 
resistance between the 2D material and the substrate. This 
resistance becomes dominant when the thickness of the 2D 
material is reduced to length scales equal to the phonon 
mean free path [15]. Thus, it can limit the ability to dissipate 
heat vertically across the device. 

Phonons are found to be the dominant energy carriers and 
play an important role for interfacial heat transport in 2D 
heterostructure materials [16]. It makes a significant 
contribution to heat transfer when the interface distance is 
shorter than the phonon wavelength [17]. Several studies 
on graphene/ h-BN or h-BN/ graphene focus on theoretical 
approach [18–21], however, the stacking configuration 
including the AA and AB has not been studied 
systematically. In the AA arrangement, each atom in the 
upper layer is directly above the atom in the lower layer 
[22]. On the other hand, the AB stacking, also known as the 
Bernal stacking, is common for multilayer 2D materials, that 
is, some of the atoms in the upper layer are above the 
central void-space of the hexagon in the lower layer, while 
the other part is directly above the atoms of the lower layer 
[23]. To improve heat dissipation and energy efficiency, it is 
important to understand the concepts and mechanisms of 
phonon transport across the h-BN/graphene interface. In 
this study, the thermal conductivity involving phonon 
transport in the vdW h-BN/graphene heterostructure 
according to AA and AB stacking configurations was 
investigated using a combined EMD−DFT. The results of 
DFT complement these EMD simulations, elucidating how 
interfacial phonon interactions affect the overall thermal 
conductivity, where significant changes in the phonon wave 
vector occur, particularly at the low frequency region. By 
systematically comparing AA and AB configurations, this 
study advances the design of 2D heterostructures for 
efficient nanoscale heat dissipation. 

2. METHODOLOGY 

2.1. Molecular Dynamics 

Initially, the single-layer graphene (SLG) and single-layer 
hexagonal boron nitride (SLh-BN) models, bilayer graphene 
(BLG) and bilayer hexagonal boron nitride (BLh-BN) 
models, and SLh-BN/SLG heterostructure models based on 
AA and AB stacking configurations are designed with a 100 
× 100 Å cell size (4032 atoms per layer and 8064 atoms for 
the heterostructures) with periodic boundary conditions in 
the x, y, and, z axes; vacuum padding of ≥20 Å along z, as 
shown in Figure 1(a). The interlayer distance, di for BLG,  
BLh-BN, and SLh-BN/SLG heterostructure was set at 3.4, 
3.315, and 3.8 Å respectively, which is comparable with 
previous experimental works [22, 24]. Classical molecular 
dynamics (MD) simulations served as the primary tool to 
assess the thermal conductivity of the models. This 
approach accounts for atomic interactions and trajectories 
within a time-evolving simulation framework governed by 
Newton’s second law, where atomic motions are 
determined by predefined interatomic potentials. In this 
work, EMD simulations were conducted using the Green-
Kubo method. This technique derives thermal conductivity 

(λ) by integrating the autocorrelation function of the heat 
flux over the simulation duration, as mathematically 
represented in Eq. (1) [25, 26]: 

𝜆 =  
𝑉

𝑘𝐵𝑇2
∫{𝐽(𝑡) ∙ 𝐽(0)} 𝑑𝑡

∞

−∞

 (1) 

where V, kB, and J denote the system volume, Boltzmann’s 
constant, and the heat flow in the x, y, and z directions, 
respectively. 

The in-plane thermal conductivities (λxy) of SLG, SLh-BN, 
and their heterostructures were determined by averaging 
the x- and y-directional values under periodic boundary 
conditions (PBCs). Conversely, the out-of-plane thermal 
conductivity (λz) of the heterostructure was derived from 
the z-directional average. PBCs were implemented across 
all three spatial dimensions (x, y, and z) to minimize finite-
size effects. Achieving convergence in Green-Kubo-based 
thermal conductivity calculations demands extended 
simulation durations. To address this, a 1-ns simulation 
window was adopted, with data from the equilibrated phase  
 

 

Figure 1. Simulation schematics. (a) Single-layer structure for 
SLG and SLh-BN models, bilayer structure for BLG and BLh-BN 

models, and heterostructure for SLh-BN/SLG models (b) Top and 
side views of SLh-BN/ SLG heterostructure with AB (BN), 

AB (CN), and AA (CB−CN) configurations used for DFT calculation 
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(800–1000 ps) used for final λxy and λz computations, as 
illustrated in Figure 2. The reported λxy and λz represent the 
arithmetic mean across the five runs, while the associated 
error bars (± values) correspond to one standard deviation 
calculated from the set of independent conductivity values 
for each component. All simulations were executed using 
the LAMMPS package [27] using 8 cores/16 threads CPU, 
leveraging its optimized algorithms for heat flux correlation 
analysis. 

The simulations employed the Verlet velocity method to 
solve the equations of motion, with initial velocities 
assigned stochastically based on a 300 K thermal seed. Data 
visualization and analysis were performed using Open 
Visualizer Tool (OVITO) [28] and Visual Molecular 
Dynamics (VMD) [29]. For interatomic interactions, the 
outer layer dynamics were modelled using the Tersoff [30] 
and AIREBO [31] potentials, whereas interlayer forces were 
governed by the ILP.BNCH potential [32-34]. To replicate 
hexagonal boron nitride (h-BN) behaviour, Coulombic 
interactions between boron and nitrogen atoms were 
incorporated via the coul/shield parameter, applying a 
shielding cutoff of 16 Å. Periodic boundary conditions were 
imposed along all (x, y and z) axes, with the scale of the z-
axis being inflated to approximate a suspended layer. Prior 
to simulation runs, the system underwent two-stage 
equilibration: first, 1.25 ns in the isothermal-isobaric (NPT) 
ensemble, followed by 2.5 ns in the canonical (NVT) 
ensemble, regulated by a Nosé–Hoover thermostat [35]. 
Thermal conductivity calculations were subsequently 
conducted in the microcanonical (NVE) ensemble near 
300 K. 

2.2. Density Functional Theory 

First-principles DFT simulations were conducted using the 
CASTEP code [36]. The generalized gradient approximation 
(GGA) framework, incorporating the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional and 
norm-conserving pseudopotentials, was applied to model 
SLG, SLh-BN, and their heterostructures. The Grimme 

method for DFT-D3 correction was selected due to its ability 
to accurately and efficiently account for vdW force 
interactions. Structural optimization yielded in-plane lattice 
parameters of aSLG = 2.4599 Å and ah-BN = 2.5128 Å, with 
out-of-plane constants cSLG = 8.3408 Å and ch-BN = 17.5365 
Å, aligning with prior computational benchmarks [37]. In 
the heterostructure configuration, the h-BN lattice constant 
(ah-BN = 2.5128 Å) was adopted, inducing a minor tensile 
strain (~1.8%) in the SLG component. Computational 
accuracy was ensured by employing a kinetic energy cutoff 
of 770 eV and a Monkhorst-Pack k- point grid of 10 × 10 × 4 
for Brillouin zone. These parameters were applied to a 
2 × 2 × 1 supercell model (Figure 1(b)), with an energy 
convergence threshold set to 5 × 10−7 eV/atom. 

3. RESULTS AND DISCUSSION 

Our previous phononic studies have shown that the use of 
h-BN materials and graphene together can increase the 
thermal conductivity of the entire structure while 
maintaining the electrical insulation properties of h-BN 
[21]. Thus, these properties make SLh-BN/SLG 
heterostructures suitable in nanoscale electronic devices. 
Table 1 shows the in-plane thermal conductivity (λxy), out-
of-plane thermal conductivity (λz), average thermal 
conductivity (λa), and change in distance between layers 
(Δd) for the single-layer, bilayer and heterostructure 
models that have been recorded in this study. The average 
thermal conductivity value obtained for SLG is 2583.2 ± 
116.2 Wm−1K−1. This value is slightly lower compared to the 
value obtained experimentally, which is around 2778 ± 
569 Wm−1K−1 at room temperature [38], which is due to the 
small size of the simulation domain (100 × 100 Å) and 
underestimate the contribution of long-wave acoustic 
phonons. The same behavior has also been found for the 
average thermal conductivity of SLh-BN, which is around 
207.7 ± 9.4 Wm−1K−1 compared to the previous study which 
is over 600 Wm−1K−1 [39, 40]. This is due to the use of 
Tersoff potential parameters that have not been fully 
optimized, which is the same as the approach taken by 
previous studies [41].  

 

Figure 2. Convergence of in-plane and out-of-plane thermal conductivity of SLh-BN/ SLG model heterostructures with  
AA (CB−CN) configur ation. This method is repeated for each model 
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Table 1. The in-plane (λxy), out-of-plane (λzz) and average (λa) thermal conductivity and changes in interlayer distance (Δdi) for  
single-layer structure, bilayer structure and heterostructure in this study 

Configuration 
In-plane thermal 
conductivity, λxy 

(Wm−1K−1) 

Out-of-plane thermal 
conductivity, λz 

(Wm−1K−1) 

Average thermal 
conductivity, λa 

(Wm−1K−1) 

Change in interlayer 
distance, Δdi 

(Å) 

SLG 2583.2 ± 116.2 − 2583.2 ± 116.2 − 

SLh-BN 207.7 ± 9.4 − 207.7 ± 9.4 − 

BLG 175.0 ± 3.0 0.007 ± 0.004 116.7 ± 2.0 0.013−0.022 

BLh-BN 139.4 ± 11.6 0.7 ± 0.6 93.2 ± 7.8 0.018−0.046 

SLh-BN/ SLG  
AA (CB-CN) 

2461.2 ± 51.9 2.8 ± 0.6 1631.9 ± 26.8 0.091−0.138 

SLh-BN/ SLG  
AB (CB) 

1975.8 ± 92.5 2.2 ± 0.1 1317.9 ± 61.6 0.068−0.076 

SLh-BN/ SLG  
AB (CN) 

2037.3 ± 127.5 2.5 ± 0.3 1359.1 ± 85.1 0.068−0.072 

 

Meanwhile, the average thermal conductivity obtained for 
double-layer structures such as BLG and BLh-BN is as 
expected, with readings of 116.7 ± 2.0 and 93.2 ± 7.8 
Wm−1K−1 respectively. At room temperature, this bilayer 
structure was found to have a lower in-plane thermal 
conductivity value compared to the single-layer structure. 
These findings indicate that the phonon carriers in the BLG 
and BLh-BN structures do not act like those in SLG and SLh-
BN. This decrease in thermal conductivity can be explained 
by the suppression of flexural acoustic phonon modes and 
the appearance of many folding phonon branches that 
increase Umklapp and normal phonon scattering occurring 
at the interface [38, 39]. In a bilayer structure, when a 
phonon crosses the boundary between the two faces, it may 
experience one or more scattering effects such as specific 
reflection or diffuse scattering. This phenomenon can cause 
a loss of coherence in the phonon wave and ultimately 
impact on the reduction of the overall thermal conductivity. 
This can be explained by considering phonon scattering 
using DFT calculations. 

Figures 3(a) and (b) show the dependence of phonon 
energy with phonon wavevector (or momentum) (q) for 
SLh-BN and AB-BLh-BN. In the single-layer system, six 
distinct phonon modes are identified: four in-plane 
modes—transverse acoustic (TA), longitudinal acoustic 
(LA), transverse optical (TO), and longitudinal optical 
(LO)—with atomic displacements parallel to the h-BN 
plane, and two out-of-plane flexural modes (ZA and ZO) 
involving displacements perpendicular to the plane. For the 
bilayer AB-BLh-BN structure, the phonon spectrum doubles 
in complexity due to interlayer coupling, introducing six 
additional modes. These modes exhibit non-zero 
frequencies at q = 0 and demonstrate low-frequency shifts 
attributed to vdW interactions between layers. The 
enhanced overlap of phonon branches in AB-BLh-BN 
(dashed blue line) arises from structural factors, including 
the expanded unit cell dimensions and the altered Brillouin 
zone geometry associated with bilayer stacking. 

In Figures 3(b) and (f), the ZA mode is most significantly 
affected, where the additional ZA mode at low frequencies 

corresponds to the out-of-phase vibration [42]. Therefore, 
phonon energy can transfer from the first layer to the 
second layer and cause the transmission of low-frequency 
phonons [43]. For the AB-BLh-BN case, the frequency of the 
additional mode ZA at the Γ point is about 61.3 cm−1 has 
been obtained in the bilayer structure, which indicates the 
individual phonon modes are focused. Considering the ZA 
mode that reaches a maximum frequency of 318.5 cm−1 at 
point K, the frequency of this additional ZA mode includes 
approximately 19% of the total ZA mode allowed from point 
Γ to K. For the AB-BLG case as illustrated in Figure 3(d) and 
(h), the frequency of the additional mode ZA at point Γ 
(around 169.5 cm−1) is more than twice that of AB-BLh-BN 
and can reach a maximum frequency of 533.4 cm−1 at point 
K. In general, this is influenced by the average velocity of the 
ZA mode group and the higher frequency of the ZA mode on 
graphene compared to h-BN and causes the phonon-phonon 
interaction to become weaker and further impacts on the 
increase in heat transport. 

For the SLh-BN/SLG heterostructure, the average thermal 
conductivity values obtained in AA (CB-CN), AB (CB), and 
AB (CN) configurations are 1631.9 ± 26.8, 1317.9 ± 61.6, 
and 1359.1 ± 85.1 Wm−1K−1, respectively. The average value 
of thermal conductivity obtained by these three 
heterostructures is higher compared to the value obtained 
for BLh-BN and BLG bilayer structures in the AB 
configuration. When the SLh-BN and SLG layers form a 
heterostructure, it can be expected that the lattice dynamics 
of SLh-BN and SLG, especially the ZA mode at low 
frequencies, are affected by the interfacial layer through 
vdWs. It is also observed that the SLh-BN/ SLG 
heterostructure shows a significant phonon dispersion 
difference compared to BLh-BN and BLG. Figure 4(a−c) 
shows the phonon dispersion of the AB-BLG structure and 
the SLh-BN/SLG heterostructure in AA (CB-CN), AB (CB), 
and AB (CN) configurations. In Figure 4(d−f), a separation 
between ZA and ZO modes can be observed at the K point 
for AA (CB-CN), AB (CB), and AB (CN) configurations with 
values around 65.8, 64.8, and 64.9 cm−1. Meanwhile, the 
separation between the ZA and ZO modes of AB-BLG is 
lower which is around 37.5 cm−1 (Figure 3(h)). This 
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significant separation of the SLh-BN/SLG heterostructure is 
due to the breaking of the equivalence of two carbon atoms 
in one unit cell and the adsorption of graphene on the h-BN 
layer [44]. Carbon atoms on top of boron and nitrogen 
atoms are expected to have stronger vdW interactions 
compared to carbon atoms on h-BN cavity sites. 

A direct method to determine the SLh-BN/ SLG interaction 
is with the finite energy of the ZA mode at the Γ point (48.3, 
62.5, and 64.8 cm−1 for AA (CB-CN), AB (CB), and AB (CN) 
configurations). In the harmonic oscillator model for carbon 
atomic vibrations, the phonon energy at the ZA mode can be 
 

 

Figure 3. Phonon dispersion for models (a, e) SLh-BN, 
(b, f) BLh-BN, (c, g) SLG, and (d, h) BLG 

converted into a spring coupling constant, αs = 2mω2, where 
m is the mass of the carbon atom and ω is the ZA phonon 
frequency at the Γ point [43]. Through DFT calculations, the 
values of αs for AA (CB-CN), AB (CB), and AB (CN) 
configurations are 3.29, 4.26, and 4.42 Nm−1, which increase 
with the decrease in the change of interlayer distance, Δd 
(see Table 1). In addition, a decreasing trend in the 
displacement of the ZO branch can be observed in the Γ → K 
direction according to the configuration order AB (CN) > AB 
(CB) > AA (CB-CN), which is a direct effect of the adsorption 
of carbon atoms on h-BN atoms. Although the interlayer 
distance change is significant for the AA (CB-CN) 
configuration, the out-of-plane thermal conductivity is the 
highest with an average value of 2.8 ± 0.6 Wm−1K−1 due to 
the better phonon coupling between SLh-BN and SLG in the 
AA configuration compared to the AB configuration, where 
the carbon atoms are arranged above the boron and 
nitrogen atoms. This increase in out-of-plane thermal 
conductivity can be explained by the strength of phonon 
coupling when the phonon wave vector moves across the 
interface layer [45]. 

 

Figure 4. Phonon scattering of the SLh-BN/ SLG heterostructure 
model according to the configuration (a, d) AA (CB-CN),  

(b, e) AB (CB), and (c, f) AB (CN). The blue and black lines show 
the phonon modes of the SLh-BN and SLG models, respectively 
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4. CONCLUSION 

In this study, EMD simulations through the Green−Kubo 
method were employed to determine the average thermal 
conductivity of single-layer structures for SLG and SLh-BN 
models, bilayer structures for BLG and BLh-BN models, and 
heterostructures for SLh-BN/ SLG models according to AA 
and AB stacking configuration by considering both λxy and 
λz values. The phonon distributions for each model were 
obtained using DFT calculations to explain the phonon 
interaction at the interface which affects the overall thermal 
conductivity. The addition of single-layer graphene on top 
of single-layer h-BN shows a significant increase in thermal 
conductivity compared to BLG and BLh-BN bilayer 
structures, thus theoretically supporting the hypothesis. 
The λ value obtained for the SLh-BN/SLG heterostructure in 
the AA (CB-CN) configuration is the highest which is 
1631.9 ± 26.8 Wm−1K−1. The phonon scattering results also 
observed that the acoustic phonon mode at low frequencies 
of the SLh-BN/SLG heterostructure plays an important role 
in determining phonon transport, which is affected by the 
coupling strength of phonons moving across the interface 
layer. Compared to the AB (CB) and AB (CN) configurations, 
the AA (CB-CN) configuration which has a weaker interlayer 
coupling, i.e. 3.29 Nm−1 causes an increased in phonon 
coupling strength and further contributes to an increase in 
λz values, which is as high as 2.8 ± 0.6 Wm−1K−1. Overall, the 
incorporation of this h-BN layer together with a graphene 
layer has better potential in the field of nanoscale heat 
transport and offers useful implications in the development 
of devices that facilitate effective thermal control and 
management. 
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