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 10 

Hexagonal boron nitride (h-BN) is a promising substrate for the graphene based nano-electronic 11 

devices. We investigate ballistic phonon transport at the interface of vertically stacked graphene 12 

and h-BN heterostructures using first principle density functional theory and atomistic Green’s 13 

function simulations considering the influence of lattice stacking. We compute frequency and 14 

wave-vector dependent transmission function and observe distinct stacking-dependent phonon 15 

transmission features for the h-BN/graphene/h-BN sandwiched systems. We find that the in-16 

plane acoustic modes have the dominant contributions to the phonon transmission and thermal 17 

boundary conductance (TBC) for the interfaces with the carbon atom located directly on top of 18 

the boron atom (C-B matched) because of the low interfacial spacing. The low interfacial 19 

spacing is a consequence of the differences in the effective atomic volume of N and B and the 20 

difference in the local electron density around the N and B. For the structures with the carbon 21 

atom directly on top of the nitrogen atom (C-N matched), the spatial distance increases and the 22 

contribution of in-plane modes to the TBC decreases leading to higher contributions by out-of-23 

plane acoustic modes. We find that the C-B matched interfaces have stronger phonon-phonon 24 

coupling than the C-N matched interfaces, which results in the significantly higher TBC (more 25 

than 50%) in the C-B matched interface.  The findings in this study will provide insights to 26 
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understand the mechanism of phonon transport at h-BN/graphene/h-BN interfaces, to better 1 

explain the experimental observations and to engineer these interfaces to enhance heat 2 

dissipation in graphene based electronic devices. 3 

 4 

I. INTRODUCTION 5 

Graphene as one of the remarkable two-dimensional (2D) materials exhibits exceptional 6 

thermal and electrical properties, which make it promising for many electronic applications such 7 

as high-frequency analog and RF devices 1-4. Hexagonal boron nitride (h-BN) is an excellent 8 

dielectric substrate for graphene devices owing to its planar hexagonal lattice structure and 9 

atomically smooth surface.  H-BN has a small lattice mismatch (less than 2%) with the graphene 10 

5. Graphene sandwiched between h-BN layers could remove the equivalence of two carbon 11 

atoms in a unit cell to open a band gap and change its electronic properties 6, 7. For example, an 12 

order of magnitude higher electron mobility has been observed in the graphene/h-BN devices 13 

than in graphene/SiO2 devices 5. Therefore, h-BN has a potential to lead to breakthrough in the 14 

applications of graphene based devices.  15 

As the device dimension scales down and power dissipation increases in electronic devices, 16 

inefficient thermal management can become challenging for performance and reliability 8. 17 

Phonons are expected to be the dominant energy carriers for the interfacial thermal transport 9. 18 

The acoustic phonons significantly contribute to heat transfer if the interfacial spacing is smaller 19 

than the phonon wavelength 10-12. A fundamental understanding of phonon transport and thermal 20 

transport mechanism across graphene/h-BN interfaces is of great importance for improving heat 21 

dissipation and energy efficiency. Graphene/h-BN contact may play an important role in heat 22 

dissipation in its electronic devices 8. But very low thermal boundary conductance (TBC) has 23 
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been reported using Raman spectroscopy technique, e.g., 7.4 MW/m2·K for the single layer 1 

graphene/h-BN interface, which may become a critical challenge for high frequency applications 2 

of graphene such as FETs and interconnects 13. However, only few studies have been focused on 3 

the prediction and analysis of TBC at graphene/h-BN interface. The TBC at multi-layer graphene 4 

(MLG)/h-BN interfaces has been calculated by Mao et al. 14 using the first principle method. The 5 

numerical simulations predict TBC as 186 MW/m2·K, which is 24 times higher than the 6 

experimental value. One reason for this difference could be the roughness and contaminants at 7 

the interface or the defects of the samples which may influence the experimental results 15, 16. 8 

Another reason could be that multi-layer graphene in numerical studies has different thermal 9 

properties compared with the single layer graphene (SLG) used in experiments 17, 18. Furthermore, 10 

previous studies found that the lattice stacking patterns of graphene on bulk h-BN are different in 11 

different parts within the same flake of the samples, which is not the same as the assumption of 12 

“perfect” matching in the theoretical calculations 5, 19-21. Therefore, the actual value of TBC 13 

across the graphene/h-BN interfaces is the comprehensive result of different lattice stacking 14 

configurations. Theoretically, there are twelve different possible lattice stacking configurations 15 

for graphene sandwiched by h-BN which could influence the electronic structures of SLG and 16 

lead to significant differences in bandgap 22-26. Electron-phonon coupling in three typical 17 

stacking configurations is analyzed by Slotman et al. 27. They found that the phonon modes 18 

dominated by the nitrogen atoms have the highest electron-phonon coupling constant which 19 

might be explained by the stronger force interactions between nitrogen and carbon than those 20 

between boron and carbon. However, the effects of lattice stacking on the phonon transmission, 21 

TBC and contribution of different phonon modes to TBC at the graphene/h-BN interfaces are not 22 

well understood yet.  23 
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In this work, we investigate the ballistic phonon transport at the interface of SLG sandwiched 1 

by h-BN layers in different lattice stacking configurations. First principle density functional 2 

theory (DFT) and atomistic Green’s function (AGF) simulations are used to investigate the 3 

phonon transmission and TBC of h-BN/SLG/h-BN interfaces. Five representative configurations 4 

are chosen from the twelve possible lattice stacking configurations. We analyze the phonon 5 

dispersion relations and density of states (DOSs) of SLG sandwiched by the h-BN layers in 6 

different lattice stacking configurations. The h-BN substrates soften the TO and LO modes of 7 

graphene and open a significant gap between the TA and ZA modes at K point. We, for the first 8 

time, report both frequency and wave-vector (k space) dependent transmission for graphene/h-9 

BN interfaces and analyze the contribution of different phonon modes to TBC in different 10 

configurations. We find that the low frequency in-plane acoustic modes have the dominant 11 

contributions to the TBC in the configurations with low interfacial spacing between graphene 12 

and h-BN. For the configurations with higher interfacial gap, the relative contribution of in-plane 13 

modes to TBC decreases and contribution of out-of-plane acoustic modes increases.  14 

Furthermore, the interfaces with the carbon atom directly on top of the boron atom (C-B matched) 15 

have better phonon-phonon coupling between graphene and h-BN than those with the carbon 16 

atom directly on top of the nitrogen atom (C-N matched). The TBC can be enhanced by more 17 

than 50% by changing the lattice stacking arrangements from C-N match to C-B match. Our 18 

results for TBC (32.5~50.0 MW/m2·K) is closer to the experimental measurement (3.7 = 0.5×7.4 19 

MW/m2·K 13 projected for two sided interface in sandwiched structure) compared to the previous 20 

studies 14. 21 

 22 

 23 
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ⅡⅡⅡⅡ. MODELS AND COMPUTATIONAL METHODS 1 

In this study, we restrict our investigation to only five typical lattice stacking h-BN/SLG/h-2 

BN sandwiched structures. They are representative lattice stacking arrangements for their 3 

symmetry and combinations 22, 25. We optimize these sandwiched structures by DFT calculations 4 

28. The phonon transmission functions across the h-BN/graphene/h-BN interfaces are calculated 5 

by AGF calculation, and the TBCs are obtained using the Landauer formula 17, 29-31. In AGF 6 

calculations, the second order interatomic force constants (IFCs) are directly obtained from DFT 7 

calculations for a reliable prediction of the atomic interactions at interfaces 31, 32. In this study, 8 

we limit the temperature to 300K, which is much lower than the Debye temperature of the 9 

graphene (~2100K 33) and h-BN (~1740K 34). It has been shown before that including the third 10 

order force constants at the interface doesn’t show large effect on the interfacial thermal 11 

conductance 35. Considering high complexity in incorporating anharmonic effects (three phonon 12 

scattering) in the AGF formulation and its relatively low contributions to TBC at low 13 

temperatures, we have not considered these affects in our simulation. Similar approach, with 14 

harmonic phonon transport assumption, has been used in many previous studies 36-40. Details of 15 

AGF calculation will be discussed in Section B. Figure 1 shows two side views, in x-y plane and 16 

x-z plane, of different lattice stacking configurations of SLG sandwiched between h-BN layers. 17 

We distinguish them as ABA(B), ABA(N), ABC(B), ABC(N,B), AAA. The two bulk h-BNs in 18 

structure ABA(B) and ABA(N) are mirror symmetry about the graphene layer. For structure 19 

ABA(B), the B in the parentheses presents that the boron atom is on the top of one carbon atom 20 

in the unit cell, while the nitrogen atom is centered above the graphene ring. The difference 21 

between ABC(B) and ABA(B) is that the boron atoms on both sides of the graphene in ABC(B) 22 

is on top of different carbon atoms in the unit cell. The structure ABC(N,B) is a combination of 23 
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ABA(N) and ABA(B). To the left side of the graphene, it has the same stacking configuration 1 

with ABA(N), while the right side is same with ABA(B). In structure AAA, h-BN is completely 2 

aligned with graphene with one boron atom over one carbon atom and one nitrogen atom over 3 

another carbon atom in the unit cell. Figure 2 shows the schematic of a typical h-BN/SLG/h-BN 4 

structure considered in the AGF calculations. 5 

A. Density functional theory calculations 6 

We use the Vienna ab initio simulation package (VASP) to perform the DFT calculations 28, 
7 

41. A plane wave basis set and the projector augmented-wave (PAW) method are used with the 8 

local density approximation (LDA) exchange–correlation functional 42, 43. The LDA shows a 9 

reasonable structural properties for the system near the equilibrium 41, 44, especially for the 10 

interlayer distance in systems like graphite 45 and h-BN 46, although LDA tends to underestimate 11 

the interlayer binding energies and band gaps of graphite and h-BN due to the lack of description 12 

of van der Waals forces, which are the manifestation of long-range correlation effects 21, 22, 47. 13 

Interfacial TBC in this study is a highly interlayer distance dependent property, and LDA reveals 14 

a very good performance in calculating interlayer distance and force constants 14, 17, 21. The 15 

optimized in-plane lattice constant of graphene and bulk h-BN are SLG 2.45a = Å, h-BN 2.49a = Å 16 

and h-BN 3.26c = Å which are in good agreement with the simulation and experimental results 17 

from the previous studies 21, 48, 49. We use the lattice constant of h-BN ( 2.49a = Å) in the 18 

sandwiched systems, where the SLG is under less than 2% strain. We set a kinetic energy cutoff 19 

of 500 eV and a 25×25×1 k-point grid to optimize the h-BN/graphene/h-BN sandwiched 20 

structures. The unit cell of these sandwiched structures contains two carbon atoms, eight h-BN 21 

layers with one boron and one nitrogen atoms in each layer [Fig. 1]. The distance between the 22 

graphene and h-BN substrates is optimized for the unit cell system shown in Fig. 1. Using this 23 
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optimized equilibrium structure, a 5x5 supercell of a graphene sheet sandwiched by 8 layers of h-1 

BN bulks [Fig. 2] is assembled for the calculations of the second order IFCs. This supercell 2 

contains 450 atoms and a vacuum region of 16 Å. We apply 3×3×1 k-point grids to sample the 3 

Brillouin zone of this supercell. For IFCs of the h-BN bulk, we use a 5×5×4 supercell with the 4 

periodic boundary conditions and 3×3×1 k-point grids. To calculate the IFCs, we displace each 5 

atom in a unit cell into two directions: one in plane and one orthogonal to the plane of the 6 

graphene layer. The displacement length is 0.01 Å. The kinetic energy cutoff of the 5×5 supercell 7 

is 450 eV. The system energy convergence criterion is set to be 1e-6 eV. The force convergence 8 

criterion is set to be -0.01eV/Å. Then, with the IFCs obtained from the DFT calculations, we 9 

construct the harmonic matrices which describe the interatomic interactions in the AGF 10 

calculations. 11 

B. Atomistic Green's function calculations 12 

We obtained the transmission function and TBC from AGF calculations 17, 50, where graphene 13 

(‘device’) is sandwiched between two ‘contacts’ corresponding to the hot and cold thermal 14 

reservoirs represented by semi-infinite h-BN bulks [Fig. 2]. The heat flux J through the system 15 

carried by phonons is evaluated by Landauer formalism 30, 51 16 

                          ( ) ( ) ( )
( )||

||
|| 20

, ,  ,     
2 2
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ω ω ω ω

π π

∞
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                        (1) 17 

where ( ),N Tω  is the Bose-Einstein distribution function at frequency ω  and temperature T. The 18 

subscript L and R mean the left and right contact. If the temperature difference between the 19 

contacts is sufficiently small, the phonon occupation difference in Eq. (1) becomes  20 
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 is the transmission function at frequency ω  and transverse k-point ||k
r

. 2 

                                          ( ) T
|| L LD,RD R LD,RD, Trace G Gkω  Ξ = Γ Γ 
r

                                       (3) 3 

Where LD,RDG  and T
LD,RDG  are the part of the Green's function of device region and its complex 4 

conjugate. LΓ  and RΓ  are the interfacial phonon escape rate from the left and right contacts. They 5 

are defined as 6 

                                               ( ) ( )T
L (R) || L (R) L (R), k iω τ τΓ = −

r
                                                (4) 7 

L (R)τ  shows the change of phonon dynamical behavior caused by the left (right) contact, which is 8 

the element of the Self-energy matrix in the sandwiched system’s Green’s function 30. We 9 

construct the harmonic matrices in a finite plane-wave form so that an efficient sampling in 10 

transverse Brillouin zone ||k
r

 can be used to include the phonons of all wavelengths 29. The 11 

Monkhorst-Pack scheme 52 is used to discretize the Brillouin zone with the mesh of 401×401. 12 

We compute frequency and wave vector (k space) dependent transmission ( )||, kωΞ
r

 which 13 

shows angular symmetry in the Brillouin zone. So, we present  ( )K, kω Γ−Ξ
r

 along KΓ − direction 14 

which is also convenient to compare with the phonon dispersion along KΓ −  in a same figure. 15 

These results give us a detailed understanding of phonon mode contributions to the TBC. Finally, 16 

we can obtain the TBC (σ ) using the definition  17 

                                                                    J

T
σ =

∆
                                                               (5). 18 
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ⅢⅢⅢⅢ. RESULTS AND DISCUSSIONS 1 

After the structural optimization, the interfacial separation distance is 3.23Å for the ABA(B) 2 

and ABC(B), 3.45Å for the ABA(N), 3.51Å for the AAA. The ABC(N,B) has the interfacial 3 

separation distance of 3.45Å at one side and 3.23Å at the other side because of the different 4 

configurations on different sides of the graphene layer. The structural optimization has a good 5 

agreement with the results from the previous studies 20-22, 53. For example, Giovannetti’s group 21 6 

used the LDA as the exchange–correlation functional to calculate the interfacial separation 7 

distance of graphene/h-BN. For the structure ABA(B), ABA(N) and AAA, the value is 3.22Å, 8 

3.40Å and 3.50 Å, respectively. Some important results of h-BN/graphene/h-BN sandwiched 9 

structure with different lattice stacking arrangements are shown in Table 1. 10 

A. Phonon dispersion relations and Density of states (DOS) 11 

Figure 3 shows the phonon dispersion of SLG, which is determined by diagonalizing the 12 

dynamical matrix of IFCs from the DFT calculations. Figure 3(a-e) compare the phonon 13 

dispersions of stretched and isolated SLG with the stretched SLG in the system of h-BN/SLG/h-14 

BN with different stacking configurations. To decipher the different mechanisms that influence 15 

the phonon dispersion we added the phonon dispersion relation of isolated SLG, un-stretched 16 

with equilibrium lattice constant (2.45Å), in Fig. 3(a) for comparison. In Fig. 3(a), the phonon 17 

dispersion relations show that stretching the isolated SLG will strongly soften the LO 18 

(Longitudinal optical) and TO (Transverse optical) modes for the entire KΓ−  branch. In 19 

addition, there is a softening in LA (Longitudinal acoustic) mode compared with the un-stretched 20 

and isolated SLG. That is because stretching the SLG will increase the C-C bond length which 21 

will weaken the C-C bond and decrease the in-plane stretching force constant 54. However, when 22 

we introduced the h-BN substrates, where SLG lattice is stretched to the h-BN lattice, the 23 
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phonon dispersions reveal a further softening in LO and TO mode especially at the Γ  point 1 

compared to the stretched isolated SLG. The additional “weakening” of the phonon vibrational 2 

modes LO and TO is initiated by the hybridization of graphene’s out-of-plane π bond and h-3 

BN’s π bond. In graphene, the out-of-plane 2pz orbitals are half-filled and the π band is half full, 4 

while in the h-BN, the 2pz orbitals are either empty or full. The mixing of h-BN’s 2pz orbitals 5 

with those of graphene will change the occupation in the graphene’s π states which results in 6 

further weakening of the C-C bond. A similar effect was observed in graphene on metal 7 

substrates, because the charge transfer happened from metal’s d orbital to graphene’s π states 54-
8 

56. 9 

In Fig. 3(a-e), a splitting between ZA and ZO modes can be observed at K point in most 10 

structures except ABC(B). The splitting is caused by breaking the equivalent of graphene’s two 11 

carbon atoms in a unit cell 57. For example, the structure ABA(B) introduces two bulks of h-BN 12 

on both sides of the graphene, with one carbon atom on top of the boron atom and the other 13 

carbon atom on the hollow of the h-BN ring. In other words, the carbon directly on top of the h-14 

BN atoms will have a stronger interaction with h-BN than the other carbon atom. The AAA 15 

structure with the stacking of two carbon atoms on either boron or nitrogen atoms has the largest 16 

ZA/ZO splitting at K point, because the repulsion and attraction from both sides of the interface 17 

by either nitrogen or boron atoms enhance the asymmetry of the two carbon atoms. However, the 18 

ABC(B) structure shows no ZA/ZO splitting at K point because of the centrosymmetric 19 

matching configuration on both sides of the graphene. The ZA/ZO splitting values for different 20 

configurations are shown in Table 1. Furthermore, Fig. 3(a-e) shows a shift of the ZA mode at 21 

Γ  point when graphene is sandwiched by h-BN. The shift of ZA mode at Γ  point indicates the 22 

strength of the spring constant at the interfaces 48, 57. 23 
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In order to investigate the effects of lattice stacking of h-BN/SLG/h-BN on phonon 1 

distribution, we calculate the phonon DOS of the SLG sandwiched by h-BN in different stacking 2 

configurations. Figure 4 compares the DOSs of isolated SLG, stretched isolated SLG, h-BN and 3 

SLG (stretched) sandwiched by h-BN in different stacking configurations. The results show that 4 

stretching the isolated SLG lower the cut-off frequency of DOSs. The sandwiched structure 5 

develops a new peak around 46 THz [highlighted by an arrow in Fig. 4]. It corresponds to the 6 

softening of the LO and TO modes at Γ  point resulting from the interactions with the bulk h-BN 7 

substrates. The impact of lattice stacking on the DOSs of SLG is negligible as different stacking 8 

configurations results in almost identical DOS. Compared with the un-stretched isolated SLG, 9 

the DOSs of sandwiched SLG is suppressed near zero frequency (< 2 THz) and then increases 10 

rapidly with a small overshoot near 3THz which is signature of shift of ZA mode near the Γ  11 

point. In addition, phonon spectrum mismatch between graphene and h-BN at high frequencies 12 

can be observed by comparing their DOSs (Fig.7). We find that the DOS mismatch between 13 

graphene and h-BN results in a small phonon transmission in the high frequency region (> 10 14 

THz). More details will be discussed in Section C. 15 

B. Thermal boundary conductance 16 

Following the Landauer formalism (Eq. 1), we obtained the temperature dependent and 17 

frequency dependent TBC of the five lattice stacking h-BN/SLG/h-BN configurations [Fig. 5(a, 18 

b)]. The results show that the TBC at room temperature is in the range of 32.5~50.0 MW/m2·K 19 

depends on the stacking configurations in the order of ABC(B)>ABA(B)>AAA> 20 

ABC(N,B)>ABA(N) (Table 1). With the exception of the structure AAA (43.1 21 

MW/m2·K)[ More details will be explained in section C.], the order of the TBC’s magnitude is 22 

consistent with the inverse order of interfacial separation distance: 23 
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ABC(B)<ABA(B)<ABC(N,B)<ABA(N). The stacking configurations with C-B matched 1 

interfaces (boron atom on top of the carbon atom, such as in the ABC(B), and ABA(B)) have 2 

larger TBCs (50.0 and 46.6 MW/m2·K) because of the smaller interfacial separation distances. 3 

The stacking configurations with C-B matched interfaces (ABC(B), ABA(B)) also have the 4 

lowest binding energy and the best structural stability. However, ABC(B) exhibits a virtually 5 

negligible electronic band gap in graphene because the centrosymmetric stacking is unable to 6 

break the equivalence of the two carbon atoms 22, 58. Therefore, ABA(B)-stacked structure with 7 

TBC very close to ABC(B) can be considered to be the best configuration for the nano-electronic 8 

devices from the perspective of achieving good thermal and electric properties.  Controlling the 9 

interfacial geometry can enhance the TBC and heat dissipation in nano-electronic devices. 10 

To understand the origin of the dependence of the TBC to the interfacial separation distance, 11 

we calculate the plane-averaged electron density difference ∆n which will also help in 12 

visualizing the electron redistribution upon the lattice stacking of the interfaces [Fig. 6]. We 13 

define the plane-averaged electron density difference n∆  as  14 

                                           sandw BN SLG( ) ( ) ( ) ( )n z n z n z n z∆ = ∆ −∆ −∆                                       (6) 15 

where sandw ( )n z∆ , BN ( )n z∆ , SLG ( )n z∆  indicate the plane-averaged densities of the sandwiched 16 

structure, h-BN layers and free-standing graphene, respectively. To keep consistent with the IFCs 17 

calculations, LDA is still used as the exchange-correlation functional. Although LDA tends to 18 

underestimate the interlayer binding energies and band gaps 21, 22, it is still a good approximation 19 

to predict structural parameters and the trend of electron density difference 41. The details of the 20 

calculation can be found in Ref. 59. Figure 6 shows that as interfacial separation distance 21 

decreases (from ABA(N) to ABA(B)), the magnitude of the plane-averaged electron density 22 
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difference increase rapidly. This indicates that the electron wave functions of both graphene and 1 

h-BN have a stronger overlap at the interfacial gap as the separation distance decreases. This 2 

overlap was also observed by Xiong et al.’s 10, which is in agreement with our analysis of 3 

dispersion relations in the previous section. 4 

The ABC(N,B)-stacked configuration is a combination of ABA(B) and ABA(N) arrangement, 5 

and reveals an intermediate TBC (40.8 MW/m2·K). However, the AAA-stacked structure shows 6 

a larger TBC (43.1 MW/m2·K) despite its largest interfacial separation distance even compared 7 

to the ABA(N). The phonon transport mechanism at interfaces will be discussed in detail in the 8 

next section. Our results (TBC 32.5~50.0 MW/m2·K) are closer to the experimental 9 

measurement (3.7 ~ 0.5×7.4 MW/m2·K13) compared to other studies (93 ~ 0.5×186 10 

MW/(m2·K)14),  but difference is still large. One reason could be the quality of the samples in 11 

experiment. The corrugation and defects on the graphene samples, and the roughness and the 12 

contaminants at the interface may significantly decrease the TBC. Another reason could be the 13 

limitations and uncertainty in the Raman spectroscopy measurement in estimating heat flux 14 

across the interface 60. In addition, the graphene and h-BN are not perfectly matched in the 15 

experiments. Different orientations of the two lattice in same sample and lattice mismatch 19 16 

could lower the TBC 61. While our simulation is based on five different lattice stacking 17 

configurations. Each of them correspond to a perfect interface made by stretching the graphene 18 

to fit the h-BN’s lattice constant. The developed models and related analysis seek to decipher the 19 

mechanism of the phonon transport at the interface which is the focus of our study. 20 

C. Phonon transmission and contribution 21 

To explain the anomaly in the order of TBC with the interfacial separation distance, such as 22 

structure AAA, and to understand the mechanism of phonon transport at interface, we calculate 23 
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the frequency dependent phonon transmission functions across h-BN/SLG/h-BN interfaces in all 1 

five configurations under consideration [Fig. 7]. Figure. 7 clearly shows that the interfacial 2 

transmission is dominated by low-frequency (< 5THz) phonons. We find that the DOS mismatch 3 

between graphene and h-BN results in a small phonon transmission in the high frequency region. 4 

The transmission peak in the high frequency region is located around 10THz, 20THz and 40THz, 5 

which is consistent with the positions of the peaks of phonon DOS in h-BN but the transmission 6 

is low as peaks in DOSs of graphene are not co-located and these high frequency phonons may 7 

not efficiently couple. Since the high frequency transmissions make little contribution to the 8 

TBC because of the low temperature, we focus more on the phonon transmission under 10THz, 9 

which make the dominant contribution to the TBC. In the low frequency region, we observe two 10 

transmission peaks and one valley for each structure. The valley between the two peaks is around 11 

2.5 THz for structures ABA(B), AAA, ABC(B), ABC(N,B). However, for the structure ABA(N), 12 

there exists a broader valley around 2.5~3.1 THz, and the high frequency peak [the blue solid 13 

arrow in Fig. 7] is much narrower than the low frequency peak. In contrast, structure ABA(B) 14 

has a much wider high frequency peak, indicated by the black solid arrow. In order to explain 15 

this, we compute the phonon transmission function in the first Brillouin zone of the unit cell [Fig. 16 

8]. In Fig. 8, we present the phonon transmission along the Γ-K  direction in k space for different 17 

frequencies and analyze the relative transmission of phonon modes across the interfaces. The 18 

color changes from dark blue to red show the increase of the phonon transmission strength. 19 

Different phonon modes of graphene [Fig. 8(a-e)] and the whole system [Fig. 8(f-j)] are shown 20 

on top of the transmission contours. The graphene’s phonon modes in Fig. 8(a-e) were calculated 21 

by solving the 6×6 dynamic matrix which is a part of the system’s 54×54 dynamic matrix, and 22 
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belongs to the two carbon atoms in the system. Black dots in Fig. 8(f-j) show the phonon modes 1 

of the sandwiched structure by solving the entire dynamic matrix of the system.   2 

For configurations with low interfacial separation distance [C-B matched interfaces, Fig. 8(a, 3 

d) and Table-1], the in-plane acoustic modes (the LA, TA modes) have the dominant 4 

contributions to the transmission. As the interfacial gap increases [Fig. 8(b)], the in-plane 5 

acoustic modes’ contribution decreases leading to higher contributions by out-of-plane acoustic 6 

modes (~ZA modes). This could be further understood by the frequency dependent TBC from 7 

Fig. 5 (b) and wave-vector dependent transmission from Fig. 8. Compared to the ABA(B) 8 

configuration in Fig.5(b), the slope of the ABA(N)’s TBC ~ frequency curve decreases sharply 9 

after 2 THz. This is because of very low transmission between 2-3 THz for ABA(N) compared to 10 

ABA(B) as shown in Figs. 8 (a) and (b). In addition, TBC difference between AAA and ABA(B) 11 

increases after 2 THz [Fig. 5(b)] resulting from the weakening of the contribution to transmission 12 

from LA and TA modes shown in Fig. 8(c). However, the configuration AAA with a 3.50 Å 13 

interfacial gap have better transmission and larger TBC than the ABA(N) with a 3.45 Å 14 

interfacial gap. Despite of the higher interfacial separation distance, the TBC is higher because of 15 

the better phonon coupling between graphene and h-BN in structure AAA than that in the 16 

ABA(N). We found that the interfaces with C atoms directly on top of B atoms has stronger 17 

phonon-phonon coupling between graphene and h-BN than that with C atom directly on top of N 18 

atom. One explanation for this is that the mass of the B atom is much closer to the C atom than 19 

the N atom. The mass difference of B and C is 37.5% smaller than that of N and C, which leads 20 

to closer vibration frequency for energy transfer. An additional explanation for this observation 21 

is that the short-range Pauli’s repulsive forces acting on the C-N matched layer is larger than that 22 

of C-B matched layer due to differences in the effective atomic volume of N and B and the 23 
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difference in the local electron density around the N and B, which increases the separation 1 

distance and obstruct the phonon transmission. Therefore, the C-B matching in the AAA 2 

configuration in addition to C-N matching leads to higher transmission and TBC compared to the 3 

C-N matched structure ABA(N). Furthermore, by considering the eigenvectors of the 4 

sandwiched system’s dynamic matrix, we realize that the phonon modes with higher frequency 5 

involve more B atoms for the same wave vector, while the N atoms make more contributions to 6 

the lower frequency phonon modes. Similar observation for contribution of B and N atoms to 7 

phonon modes were made by Slotman et al.’s 27. This further explains the characteristics of 8 

transmission peaks in Fig. 7. For the stacking arrangements ABA(B) and ABC(B), the 9 

transmission peak in the high frequency region is high and wide [black arrow in Fig. 7] because 10 

of the C-B matched interfaces, corresponding to stronger phonon coupling. For the configuration 11 

ABA(N), the transmission peak in the low frequency region is much stronger than the peak in the 12 

high frequency region [blue arrow in Fig. 7] resulting from the C-N matched interfaces.  13 

ⅣⅣⅣⅣ. CONCLUSIONS  14 

In summary, we have developed an atomistic framework based on DFT and atomistic Green’s 15 

function to investigate the impact of different lattice stacking configurations on the thermal 16 

transport across the h-BN/graphene/h-BN interfaces. The h-BN substrates soften the TO and LO 17 

modes of graphene because of the overlap of orbitals and introduces an asymmetry between 18 

carbon atoms in graphene’s unit cell leading to gap of different magnitude between the TA and 19 

ZA modes of graphene at K point in different stacking configurations. We find that the in-plane 20 

acoustic modes have the dominant contributions to the TBC for the C-B matched interfaces 21 

because of the low interfacial gap, but their contribution reduces as the interfacial separation 22 

distance increases. The frequency and wave vector dependent transmission reveal very low 23 
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transmission between 2-3 THz for ABA(N) configurations with C-N matched interface leading 1 

to sharp drop in TBC compared to other structures which has C-B matched interfaces. The TBC 2 

can be enhanced by more than 50% by changing the lattice stacking arrangements from C-N 3 

matched to C-B matched interface. Our results for TBC (32.5~50.0 MW/(m2·K)) is closer to the 4 

experimental measurement compared to the previous studies. The findings in this study will 5 

provide insights to better understand the experimental measurements on TBC and the mechanism 6 

of phonon transport at h-BN/graphene/h-BN interfaces. 7 
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TABLE  1 

Table 1. Properties of h-BN/graphene/h-BN sandwiched structure with different lattice stacking 2 

arrangements. 3 

 4 

                       
Structure 

Separation 
distance (Å) 

TBC at room 
temperature 
(MW/m2·K) 

ZO/ZA gap             
at K point (THz) 

ABC(B) 3.23 50.0 0 

ABA(B) 3.23 46.6 0.24 

ABA(N) 3.45 32.5 0.15 

AAA 3.51 43.1 0.25 

ABC(N,B) 3.45, 3.23 40.8 0.22 

 5 

 6 

 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 
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FIGURE CAPTIONS 1 

FIG. 1. Side views of the five lattice stacking configurations of SLG sandwiched between h-BN 2 

layers in x-y plane and x-z plane. d1  and d2  presents the interfacial separation distances. The 3 

brown, green, and gray spheres represent carbon, boron, and nitrogen atoms, respectively. 4 

 5 

FIG. 2.  Schematic diagram of h-BN/SLG/h-BN sandwiched system for the AGF calculations. 6 

The system is divided into a ‘device’ region (D), left contact (LC) and right contact (RC) and 7 

two semi-infinite h-BN bulks, left contact bulk (LCB) and right contact bulk (RCB) which do not 8 

interact with the ‘device’ region. The ‘device’ region only includes the SLG layer.  9 

 10 

FIG. 3. Phonon dispersions of (a) isolated SLG, stretched isolated SLG and SLG (stretched) in 11 

the ABA(B) sandwiched structure; (b-e) isolated SLG and SLG (stretched) in ABA(N), AAA, 12 

ABC(B), ABC(N,B) sandwiched structures, respectively. The splitting at K point between ZA 13 

and ZO modes are marked with red rectangles and also shown in inset as extended view.  14 

 15 

FIG. 4. DOSs of isolated SLG, stretched isolated SLG, h-BN and SLG (stretched) sandwiched by 16 

h-BN with different stacking configurations. 17 

 18 

FIG. 5. (a) Temperature dependent thermal boundary conductance at h-BN/SLG/h-BN interfaces 19 

for different lattice stacking configurations. (b) Frequency dependent thermal boundary 20 

conductance at h-BN/SLG/h-BN interfaces for different lattice stacking configurations. 21 

 22 

FIG. 6. Plane-averaged electron density difference n∆  (per unit cell) along out of plane direction 23 

showing the charge redistribution at the h-BN/graphene/h-BN interfaces. e−  is the charge of an 24 

electron. Here, n∆ represents the difference in the plane-averaged electron density of the 25 

sandwiched structure from h-BN layers and free-standing graphene. 26 

 27 

FIG. 7. Angular frequency dependent phonon transmission for different lattice stacking 28 

configurations. Inset shows phonon transmission for frequency in the range of 0-8 THz. Blue 29 

arrow shows peak in transmission for ABA(N) for modes where contribution of  N atoms is 30 
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higher and black arrow shows peak in transmission for ABA(B) for modes where contribution of  1 

B atoms is higher. 2 

 3 

FIG. 8. Frequency and wave vector dependent phonon transmission along KΓ − direction for 4 

different stacking configurations. Black dashed lines in (a-e) show phonon dispersion (<5 THz) 5 

of SLG in the sandwiched structures along KΓ − direction. Black dashed lines in (f-j) shown 6 

phonon dispersion (<5 THz) of entire sandwiched structure along KΓ − direction. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 

 27 

 28 

 29 

 30 

 31 

Page 22 of 30Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



FIGURES 1 

 2 

  3 

FIG. 1. Side views of the five lattice stacking configurations of SLG sandwiched between h-BN 4 

layers in x-y plane and x-z plane. d1  and d2  presents the interfacial separation distances. The 5 

brown, green, and gray spheres represent carbon, boron, and nitrogen atoms, respectively. 6 
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 14 
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  1 

 2 

FIG. 2.  Schematic diagram of h-BN/SLG/h-BN sandwiched system for the AGF calculations. 3 

The system is divided into a ‘device’ region (D), left contact (LC) and right contact (RC) and 4 

two semi-infinite h-BN bulks, left contact bulk (LCB) and right contact bulk (RCB) which do not 5 

interact with the ‘device’ region. The ‘device’ region only includes the SLG layer.  6 
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 1 

 2 

 3 

FIG. 3. Phonon dispersions of (a) isolated SLG, stretched isolated SLG and SLG (stretched) in 4 

the ABA(B) sandwiched structure; (b-e) isolated SLG and SLG (stretched) in ABA(N), AAA, 5 

ABC(B), ABC(N,B) sandwiched structures, respectively. The splitting at K point between ZA 6 

and ZO modes are marked with red rectangles and also shown in inset as extended view.  7 
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 1 

 2 

FIG. 4. DOSs of isolated SLG, stretched isolated SLG, h-BN and SLG (stretched) sandwiched by 3 

h-BN with different stacking configurations. 4 
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    1 

  2 

FIG. 5. (a) Temperature dependent thermal boundary conductance at h-BN/SLG/h-BN interfaces 3 

for different lattice stacking configurations. (b) Frequency dependent thermal boundary 4 

conductance at h-BN/SLG/h-BN interfaces for different lattice stacking configurations at room 5 

temperature. 6 
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 1 

 2 

FIG. 6. Plane-averaged electron density difference n∆  (per unit cell) along out of plane direction 3 

showing the charge redistribution at the h-BN/graphene/h-BN interfaces. e−  is the charge of an 4 

electron. Here, n∆ represents the difference in the plane-averaged electron density of the 5 

sandwiched structure from h-BN layers and free-standing graphene. 6 
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 1 

FIG. 7. Angular frequency dependent phonon transmission for different lattice stacking 2 

configurations. Inset shows phonon transmission for frequency in the range of 0-8 THz. Blue 3 

arrow shows peak in transmission for ABA(N) for modes where contribution of  N atoms is 4 

higher and black arrow shows peak in transmission for ABA(B) for modes where contribution of  5 

B atoms is higher.  6 
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FIG. 8. Frequency and wave vector 

dependent phonon transmission along 

direction for different stacking 

configurations. Black dashed lines in (a-e) 

show phonon dispersion (<5 THz) of SLG 

in the sandwiched structures along 

direction. Black dashed lines in (f-j) 

shown phonon dispersion (<5 THz) of 

entire sandwiched structure along 

direction. 
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