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A B S T R A C T   

The first-principles computer-aided design of atomistic heterostructures can discover the physical properties of 
new materials and help them widely find applications in frontier scientific fields. Here, we report an investigation 
on the heterobilayer composed of one sheet of two-dimensional (2D) graphene on the surface of one-layer 
hexagonal boron nitride (h-BN). We calculate and simulate the binding energies, electric dipoles related to 
interlayer sliding, and twisting angles of three stacking orders in graphene/hBN heterobilayer. The relative 
energies of these three heterobilayers are obtained by using first-principles calculations method and the AB 
stacking structure exhibits the lowest energy. We have also found that the electric field perpendicular to the 2D 
plane can control the dipole magnitude of the bilayer system, and even change the polarization direction. We 
studied the kinetic stability of graphene-hBN bilayer heterostructures under the action of external electric fields 
using Ab initio molecular dynamics (AIMD), as well as the thermodynamic stability. Finally, we propose that the 
graphene/h-BN heterobilayer might play an important role in the field of information electronics as a 2D ma
terial with interesting physical properties.   

1. Introduction 

As a kind of carbon allotrope structure that is made of a single sheet 
of graphite, graphene has a similar basic unit of many renowned carbon 
materials at the nanoscale, like Buckminster Fullerene[1], carbon 
nanotubes and so on. These zero and one-dimensional systems are of 
great interest as the research topics of future technology, such as com
puters made of carbon nanotubes[2]. The two-dimensional (2D) 
honeycomb-like crystal of graphene is composed of regularly extended 
hexagons with sp2 orbital hybridization, making the structure extremely 
stable. The gray-black trace left behind a pencil gently scratching across 
the paper might have multilayer graphene, while single and double 
layers of graphene are actually transparent because they are too thin[3]. 
Experimentally, graphene can be produced in a variety of ways, 
including chemical vapor deposition, metal catalysis, and mechanical 
exfoliation[4–6]. The first experimental discovery of graphene was 
attributed to Geim and Novoselov, who obtained graphene with stable 

existence in the laboratory by the hand-tearing tape method in 2004[7]. 
This fantastic discovery had a significant influence on the scientific 
community in general, and indeed graphene has extremely high 
smoothness and also many other great functional properties. Specif
ically, in terms of its mechanical characteristics, graphene has a tensile 
strength of 125 GPa and an elastic modulus of 1.1 TPa[4,8]. The thermal 
conductivity of graphene can reach 5500 W/(m K), therefore, graphene 
composites are widely available for thermal applications with tunable 
properties[9–11]. For optical property, graphene absorbs only 2.3% of 
visible light, reflects less than 0.1%, and transmits about 97.7%[12–14]. 
With an electrical conductivity of 106 S/m, graphene is also the best 2D 
conductor among all known materials at room temperature[15,16]. 
Many important applications are expected for graphene to be used in 
electronics and information technology fields. Owing to its excellent 
electrical conductivity, graphene can be employed in supercapacitors, 
electrodes, or gadgets which are compatible with silicon electronics. 
Graphene also holds promise for solar photovoltaic devices, transparent 
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conductive films, and field effect transistors. Furthermore, the integra
tion of graphene to metals, polymers, and ceramics etc. can dramatically 
enhance the conductivity and strength of the original materials. 

However, a zero bandgap of graphene limits its applications, 
particularly in nano-electronic semiconductor devices. In recent years, 
in order to reveal more unique properties, scientists have twisted bilayer 
graphene at precisely controlled angles to make so-called “magic-angle” 
graphene[17]. Very surprisingly, such a bilayer graphene gives rise to 
extraordinary correlated electronic effects. In 2018, Cao et al. success
fully demonstrated that the bilayer graphene twisted by 1.1◦ presented 
the unconventional superconductivity at the temperature of 70 mK[17]. 
Other twisting angles may also be special, like 1.14 or 1.27◦ where the 
exotic superconductivity is tunable as verified by others[18]. One may 
easily see the periodic moiré pattern by twisting bilayer graphene, a 
common phenomenon when two layers are commensurate as shown in 
Fig. 1. In fact, attributed to the interference of light, moiré patterns are 
also popular in optical physics. 

In addition, 2D hexagonal boron nitride (h-BN) with similar atomic 
structure has lattice constants that are very close to graphene, with only 
1–2% lattice mismatch[19]. Although 2D h-BN also has graphene-like 
hexagonal structure, known as “white graphene”[20], the electronic 
property of h-BN is completely different from graphene. The most sig
nificant difference is that h-BN is an electric insulator, though at room 
temperature the thermal conductivity of h-BN is up to 400 W/(m K) 
[21]. Optically, h-BN can absorb the ultraviolet band but does not 
absorb the light of visible wavelength. Gao et al. showed that at wave
length of 251 nm, the absorption capacity of h-BN reaches its peak[22]. 
Since single layer h-BN was successfully prepared by the Manchester 
group in 2005 by using a micromechanical exfoliation method[23], its 
excellent insulating properties have been found to be applicable in the 
bendable capacitors[24,25], as well as in batteries because it accelerates 
the diffusion of lithium ions[26,27]. The antioxidant properties of h-BN 
allow it to be used as a protective film for metal substrates[28]. The h- 
BN can also be applied as a catalyst in the oxidative dehydrogenation of 
propane[29]. 

More recently, the combinations of 2D materials have become the 
new focus of investigation worldwide. For instance, transition metal 

disulfides MoS2 and WS2 heterostructures have been found to be 
excellent ferroelectric and piezoelectric materials[30]. MoS2/WSe2 
heterostructure is also a good candidate for photoelectric material[31]. 
Graphene and h-BN heterostructures [32] are therefore interesting to be 
studied as presented in this work. Previous theoretical results showed 
that graphene’s optical property in the visual region is not affected by 
the h-BN substrate [33]. Experiments done by Yang et al. also revealed 
that the h-BN does not influence graphene’s photoelectric property[34]. 
For electronic transport, the mobility of graphene is as high as 105 cm2V- 

1s− 1 in graphene/h-BN heterostructure[35,36]. Wang et al. reported 
inversion symmetry breaking induced band gaps of 100 and 160 meV, at 
the second generation Dirac cones and the original graphene Dirac cone 
[37]. In brief, the heterogeneous structures of graphene and h-BN might 
have superior properties and potential applications in many frontier 
areas. 

In this work, we simulate the graphene/h-BN interlayer bilayers and 
obtained three types of stacking orders of various interlayer sliding. 
Also, we have calculated the energy versus interlayer distances and 
found the most stable structure is AB stacking which has the lowest 
energy. The rotation of the graphene/h-BN heterobilayer and the moiré 
periodic superstructures are explored. We further revealed the rela
tionship between dipole vector and the external electric field for the 
three stackings. Finally, we simulated the translational displacement of 
graphene/h-BN bilayer driven by electric field in the ab initio molecular 
dynamics (AIMD). 

2. Method 

We use here first-principles calculations based on density functional 
theory (DFT) and employ the Vienna ab initio Simulation Package 
(VASP) to predict geometric and electrical properties[38]. The electron 
exchange and correlation functionals were treated by the generalized 
gradient approximation of Perdew-Burke-Ernzerhof (PBE)[39]. The van 
der Waals correction D3 was also taken into consideration[40]. The 
kinetic-energy cutoff of the plane-wave basis was set to 600 eV, and a 
vacuum space of 25 Å was applied. The Monkhorst-Pack mesh with 12 ×
12 × 1 was used for geometry relaxation and single-point energy 

Fig. 1. (a)-(c) Three representative examples of different twisting angles from the AA stacking. The larger the twisting angle is, the smaller the number of atoms is 
included within the periodic supercells which form the moiré patterns. (d)-(f) Three different stacking orders of graphene/h-BN hetero-bilayers, namely BA, AA, and 
AB stackings. The brown, green, and gray balls represent carbon, boron, and nitrogen atoms, respectively. 
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calculations for these optimized geometries. The system used for the 
AIMD simulation under the NVT ensemble is a supercell of 200 atoms 
with 100 C atoms, 50 B atoms and 50 N atoms. AIMD is run by first- 
principles material calculations and simulation of software CP2K. The 
heat bath method used for the entire temperature control process is 
Nose-Hoover thermostat. The initial and maintained temperatures were 
set to 300 K with a time step of 1.0 fs and a total simulation time of 40 ps. 

3. Results and discussion 

Stacking orders are always an interesting topic in 2D multilayer 
structure including graphene and 2D h-BN. The bilayer h-BN can be 
classified into six stacking orders by checking parallel and antiparallel B- 
N bonds between two layers[41], however, there are two common 
stacking orders for bilayer graphene. Here, we investigate three types of 
graphene/h-BN heterobilayer, namely AA, AB and BA stacking orders as 
shown in Fig. 1. For the AA stacking, two C atoms of the upper graphene 
layer are located directly above the B and N atoms of the lower h-BN 
layer. As the AA stacking slides along the C–C bond (bond length of C–C 
is about 1.44 Å) one may find the AB and BA stackings. In the AB 
stacking, one C atom overlaps the lower B atom and the other C atom is 
above the center of the BN hexagon; while in the BA stacking, one C 
atom overlaps the lower N atom and the other C atom is above the center 
of the hexagon. 

To further investigate the relevant physical properties of the three 
stacking orders, structural optimization is carried out by means of DFT 
to obtain a more reasonably relaxed structure. After structural optimi
zation, the in-plane lattice constants of the three stackings are almost the 
same, about 2.49 Å. Very interestingly, the interlayer spacing of three 
stackings are found to be quite different. The interlayer spacings of AA, 
AB and BA stackings are 3.54 Å, 3.33 Å and 3.50 Å, respectively, which 
are so-called equilibrium distances. The reason for this phenomenon is 
related to the attraction of electrons in graphene with cation B atoms 
and the repulsion of electrons in graphene with anion N atoms. It is 
worth mentioning that whether it is bilayer graphene, bilayer boron 

nitride, or graphene/boron nitride heterobilayer, the force between the 
layers is of van der Waals type, which is much weaker than chemical 
bonding. For the AB stacking, where the C atom has the lowest charge 
density and thus the graphene layer has a stronger attractive interaction 
with the BN layer and thus the smallest interlayer distance. 

Since the striking discovery of “magic-angle” graphene by Cao et al., 
twisting electronics also called twistronics has caused a new focus of 
research in the physics community worldwide[17]. We have tried to 
construct the twisted graphene/h-BN heterobilayer from graphene and 
2D h-BN[42–44]. We chose the rotation axis as the vertical line where 
the C atom located above the B atom of the BN layer in AA stacking. 
Fig. 1(a)-(c) show the schematic diagrams of the structures we obtained 
by rotating 7.34◦, 9.43◦, and 13.17◦ around the rotation axis, respec
tively. The structures are consistent with the results in Supplemental 
Material Table S1, which have 244, 148, and 76 atoms respectively. It is 
clear that when the rotation angle is smaller, the supercell formed is 
larger and the number of atoms is greater. Therefore, for small twisting 
angles the superlattice structure requires longer periodic distances to 
repeat the same translational unit cells. Table S1 of the Supplementary 
Material gives the theoretical results for the twist angles and the asso
ciated number of primitive units. There are four atoms in each primitive 
unit (two carbons, one nitrogen, and one boron), so the total number of 
atoms is four times the number of primitive units. 

In addition to torsion, sliding can also be achieved to change the 
stacking order of the graphene/h-BN heterobilayer. Various different 
sliding paths are discussed here, among which two paths along the di
agonal of the hexagonal lattice allow the polarization direction to be 
inverted, as shown in Figs. 2 and 3. The directions of these two paths are 
(-1,1,0) and (1,-1,0), respectively. In the path I (-1,1,0), the slip distance 
is about 1.44 Å, while in the path II (1,-1,0), the slide process results in 
an AA stacking order with a sliding distance of about 2.88 Å. The po
larization in the graphene/h-BN heterobilayer is generated by the 
electric dipole moments, while the electric dipole is caused by the non- 
coincidence of the centers of positive and negative charges in the 
structure. The polarization directions of the AB and BA stackings are 

Fig. 2. The energy and dipole moment versus sliding distance along the path I, from AB to BA stacking.  
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reversed, but the polarization values are not equal in magnitude as 
ferroelectrics. In both sliding paths, the dipole moment values are slowly 
changing, and the polarization values are indeed related to the change of 
stacking order. We found that in both paths there are two stacking 
structures in which the dipole values are 0 because they have no charge 
transfer between the layers, suggesting that the sliding can change the 
polarization reversal. 

We know that the binding energy can be used to evaluate the ener
getic stability of a heterostructure. Usually, the binding energy is 
defined by the following equation:  

Eb = E(AB) - E(A) - E(B).                                                                      

For graphene/h-BN heterobilayer, we have:  

E(AB) = E(graphene/h-BN), E(A) = E(graphene), E(B) = E(h-BN).             

The Supplemental Material Table S2 displays the variation of the 
binding energy with the layer spacing for our three calculated stackings. 
From the table, we see that the binding energy (absolute value) of AB 
stacking is the lowest for the three stackings at their respective equi
librium spacing, so the AB stacking is the most stable. This is consistent 
with our results shown in Fig. 4 and it can be seen that the energy de
creases dramatically when the layer spacing decreases and then in
creases sharply when bilayer getting too close to each other, which 
shows that the graphene/h-BN heterobilayer is very sensitive to change 
of interlayer distances. 

When a classical or quantum state of matter is at the lowest energy 
level, we usually say that it is the ground state. The DFT approach in our 
present work is capable to deal with the ground state for which we did 
not consider higher energy level, or excited state, by electrons absorbing 
energy. Because the systems generally tend to occupy the state with the 
lowest energy, the ground state is an important aspect of studying bi
layers here. Therefore, we calculated the ground state energies of the 
three mentioned stackings. The AB stacking is found to have the lowest 
energy, while the AA stacking having 17 meV higher energy, and the BA 

stacking having 14 meV higher energy than the AB stacking. Hence, 
among the three structures, the AB should be the most stable, the AA is 
the least stable, and the BA is somewhat in between. Many 2D materials 
are highly susceptible to stimulation by the external environment, so we 
investigated the effect of applying vertical pressure on the energy of the 
bilayers. In brief, we compared the energy of structures with different 
interlayer distance. We thus compressed and stretched each of the three 
stackings in the vertical direction to decrease and increase the bilayer 
spacing between graphene and h-BN. We found that regardless of the 
type of stackings, the more their layer spacing deviated from the equi
librium spacing, the higher the energy, suggesting that the structure 

Fig. 3. The energy and dipole moment versus sliding distance along the path II, from AB to BA while through AA stacking.  

Fig. 4. The relationship between the relative energy and the graphene/h-BN 
interlayer distance. We set the zero-energy point as the minimal energy of AB 
stacking at 3.33 Å. 
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became more unstable. However, when the bilayer spacing is large 
enough, their energies basically converge. This is rather reasonable that 
when the interlayer distance is too far for atomistic interaction to make 
an influence. Our obtained results agree very well with previously re
ported studies[19,45]. 

For the AB stacking, the graphene/h-BN bilayer polarization (total 
dipole per unit area) is found to be 0.960 pC/m, which is oriented along 
the c-axis, or vertically upward; for the AA stacking, its polarization is 
0.333 pC/m, which is oriented in the same direction as AB, also verti
cally upward; whereas for the BA stacking, its polarization is 0.216 pC/ 
m, but in the opposite direction in contrast with the AB and AA stack
ings. Based on that, we applied electric fields up to 0.05 V/ Å in 

magnitude to these three stackings, as shown in Fig. 5. We found that 
with the gradual increase of electric field strength, the polarization di
rection of AB stacking flipped direction at the electric field strength of 
0.025 V/Å, while the polarization switching of BA and AA stackings 
occur at 0.005 V/Å and 0.01 V/Å, respectively. 

To further understand the possible in-plane movement process be
tween graphene/h-BN heterobilayer, we perform the AIMD simulations 
under the external electric field to investigate the microscopic mecha
nism. We have observed the field induced interlayer sliding during the 
simulations in Supplemental Material Fig. S1, and we plotted the tem
perature and energy variation versus time results obtained from the 
molecular dynamics simulations in Supplemental Material Fig. S2. The 

Fig. 5. (a)-(c) show the relationships between dipole moments and externally applied electric field, with the polarization direction switching at the crossing points on 
the dashed lines. (d)-(f) illustrate the stacking orders of each P-E curve, and also show the direction of the applied electric fields. 
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visualization of the simulated process snapshots of molecular dynamics 
is shown in Supplemental Material Fig. S1. Initially, the bilayer structure 
is an AA stacking, and the stacking order of the structure changes rapidly 
under the external applied electric field of 2 V/Å. After about 975 fs, the 
system transforms to be close to the AB stacking. At about 1475 fs, the 
system shows BA stacking and continues to move. At about 1844 fs, the 
system returns to AB stacking and thereafter, the structure stays at AB 
stacking. This simulation process is also consistent with the previous 
conclusion that the energy of AB stacking is the lowest. When a suffi
ciently large external electric field is applied, the direction of the dipole 
moment is reversed and the spontaneous polarization direction of the 
whole system changes at the same time. As shown in Fig. S2(a), the 
temperature is maintained almost around 300 K with very little fluctu
ation after the system reaches equilibrium. This also reflects that the 
whole simulation process is quite reasonable. The energy versus time for 
the whole simulation process is shown in Fig. S2(b). The corresponding 
fluctuations of the total energy oscillate in a very narrow range under 
the influence of temperature, indicating that this state should be ther
mally stable. Additionally, we have investigated the influence of tem
perature on the stability of the graphene/h-BN heterobilayer under an 
external electric field. Fig. S3 depicts the energy fluctuations of the 
graphene/h-BN heterobilayer at a temperature of 400 K and an applied 
electric field of 0.05 eV/Å. Throughtout the simulation, we observe that 
the geometric shape of the heterobilayer remains unchanged, without 
bond breakage or phase transition, indicating the excellent stability of 
the graphene/h-BN heterobilayer. 

The graphene/h-BN heterobilayer has a wide range of potential ap
plications in the field of emerging electronics. It can be utilized for the 
fabrication of field-effect transistors[35,46,47], leveraging graphene’s 
high carrier mobility and h-BN’s wide bandgap to enhance device per
formance and speed. In addition, graphene/h-BN/GaAs sandwich diode 
has been demonstrated to make solar cells with higher power conversion 
efficiency and photodetectors with increased on/off ratio[48]. 
Furthermore, this heterostructure exhibits promising potential in other 
areas, such as thermoelectric devices[49], light-emitting diodes[50], 
pressure sensors[51], and nanocapacitors[52]. These examples exem
plify the advantages of the graphene/h-BN heterobilayer in nanoscale 
functional components, presenting significant potential and practical 
significance. However, implementing these unique materials in experi
ment requires further research and development to overcome many 
challenges and limitations for achieving high-quality heterostructures, 
optimizing interface quality, developing scalable fabrication processes, 
and integration technologies. Importantly, ensuring stability, reliability, 
and long-term device performance are critical factors to consider in 
reality. In the long term, such heterostructure materials are expected to 
play an increasingly significant role in the information age, offering 
expanded possibilities for future devices and systems. 

4. Conclusions 

We explored the physical properties of the graphene/h-BN hetero
bilayer to discuss the interlayer stacking, twisting and sliding phenom
ena. We constructed the graphene/h-BN heterobilayers with three 
configurations of AA, AB and BA stackings. Then we obtained the 
graphene/h-BN heterobilayer upon twisting the interlayer angles, and 
found the periodic superstructures of moiré patterns. We calculated from 
first principles the variation of energy with respect to the layer spacing for 
the three stacking orders. Interestingly, we checked the existence of out- 
of-plane polarization in the three stackings, and studied the relationship 
between the dipole moment strength and the applied electric field which 
could even change the polarization direction. Finally, we investigated the 
microscopic mechanism by simulating the interlayer motion and physical 
property changes of the heterobilayer under the external electric field. 
Our molecular dynamics results are in excellent agreement with the 
density functional theory energy values, further verifying that the ground 
state structure of graphene/h-BN is the AB stacking. 
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