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Abstract

The electronic structure of bilayer graphene under an external electric field is studied in terms of

the interlayer stacking arrangements using the density functional theory combined with the effective

screening medium method. The calculations showed that the accumulated carrier distribution

strongly depended on the interlayer stacking arrangement. The carriers were highly concentrated

on the topmost layer of twisted bilayer graphene, while carriers were also found in the second

layer of bilayer graphene with the AA and AB interlayer arrangements. In addition to the carrier

accumulation, ab initio molecular dynamics calculations also revealed that the interlayer Seebeck

coefficient and thermal diffusivity in the bilayer graphene depended on the interlayer stacking

arrangements.
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Following the synthesis of graphene [1–5], graphene has attracted much attention in the

field of low-dimensional science and nanotechnology [6, 7]. Its honeycomb covalent network of

carbon atoms endows graphene with a semiconducting electronic structure with a vanishing

density of states at the Fermi level because of the conical dispersion band around the K

point [8–10]. This electronic band structure leads to an unusual quantum Hall effect and

results in remarkable carrier mobility of a few hundred thousand cm2/Vs [11–13], making

graphene a unique and emerging material in the wide area of pure and applied sciences.

Because of its sheet structure with single-atom thickness and peculiar electronic structure,

graphene is regarded as an emerging material for various devices in the near future, such as

sensing devices, semiconducting devices, and transparent electrodes. However, difficulties

exist in device fabrication processes owing to the fragility of the electronic properties of

graphene in devices.

Graphene can be used as a starting material for designing other nanoscale low-dimensional

materials with unusual physical properties by controlling their dimensionality, size, and

shape [14–18]. Large-area graphene occasionally possesses grain boundaries at which topo-

logical defects are formed owing to the lattice misorientation between adjacent grains [19].

These grain boundaries cause unusual localized states around them that depend on the

constituent polygons and their arrangements at the boundaries [20]. Graphene is known

to form in-plane heterostructures with h-BN possessing zigzag borders consisting of BC

bonds [21–28], which induce the border localized states [29–31]. In addition to these in-

plane heterostructures, graphene can also form out-of-plane structures with other graphene

layers or with other two-dimensional materials such as h-BN and transition metal dichalco-

genides, because of their chemically inert surfaces [32–34]. Bilayer graphene and few-layer

graphene are representative examples of such out-of-plane structures, exhibiting interesting

electronic structure variations that are highly dependent on the interlayer stacking arrange-

ment [35]. Bilayer graphene with an AB stacking arrangement possesses parabolic bands at

the Fermi level, while that with an AA stacking arrangement has two conical bands below

and above the Fermi level [8, 35, 36]. Furthermore, a Fermi level velocity deceleration has

been observed in bilayer graphene possessing a twisted interlayer arrangement, leading to

unusual physical phenomena [37–39].

Field effects on the electronic properties of graphene thin films are an important subject

for practical application of these thin films. Experimental and theoretical works demonstrate
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that an electric field modulate the electronic structure of graphene thin films [36, 40–43].

A perpendicular electric field induces a finite band gap in bilayer graphene with the AB

interlayer arrangement, where the width of the band gap depends on the field strength [36].

Bilayer graphene with twisted arrangement in a particular mutual angle (i.e., twisted bilayer

graphene) exhibits superconductivity under carrier doping via an electric field [39]. Magnetic

states on the (111) surfaces of rhombohedral graphene thin films (i.e., graphene thin films

with ABC interlayer arrangement) are tunable by the film thickness and a perpendicular

electric field [41–43]. Although these works indicate that the electronic structure and carrier

distribution of graphene thin films under an electric field depend on the mutual stacking

arrangement, the detailed correlation between the electronic properties and the stacking

arrangement in graphene thin films under a normal electric field remains unclear. Therefore,

in this work, we aim to provide theoretical insight into the influence of the interlayer stacking

arrangement on the electronic structure of bilayer graphene, performing first-principles total

energy calculations combined with the effective screening medium method (ESM) . Our

calculations show that the carriers are extended throughout the layers for graphene with

the AB arrangement. Conversely, the carriers are highly localized on the layer situated at

the electrode side for twisted bilayer graphene. In addition to the electronic structure, the

thermal and thermoelectric properties of bilayer graphene is also found to depend on the

stacking arrangement.

All calculations were performed within the framework of density functional theory [44, 45]

implemented in a STATE package [46]. We used the generalized gradient approximation with

the Perdew-Burke-Ernzerhof functional [47, 48] to describe the exchange-correlation poten-

tial energy among interacting electrons. The weak dispersive interaction between graphene

layers was treated using the vdW-DF2 with the C09 exchange-correlation functional [49, 50].

An ultrasoft pseudopotential generated by the Vanderbilt scheme was used to describe the

interaction between electrons and ions [51]. The valence wave functions and deficit charge

density were expanded in terms of the plane-wave basis set with cutoff energies of 25 and

225 Ry, respectively. We adopted the ESM to solve the Poisson equation including an exter-

nal electric field [52]. The Brillouin-zone integration was performed with the 50×50×1 and

14×14×1 k-meshes for self-consistent electronic structure calculations of bilayer graphene

with AB(AA) and twisted interlayer arrangements, respectively. All atoms were fully opti-

mized until the remaining force acting on each atom was less than 0.005 Ry/Å under a fixed
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FIG. 1. (a) Structural model of bilayer graphene in a single-gate field effect transistor. (b) Geomet-

ric structure of twisted bilayer graphene with a twist angle of θ = 28◦. gray rectangular indicate

the metal electrode with the infintite permittivity simulated by the effective screening medium.

White and gray circles denote C atoms belong to the topmost and second layers of bilayer graphene,

respectively. Gray quadrangle indicate the lateral unit cell of the twisted bilayer graphene.

lateral lattice constant of 2.4595 Å, which corresponds to the experimental value.

In the present work, we considered bilayer graphene with AB, AA, and twisted inter-

layer arrangements. For the twisted interlayer arrangement, we considered twisted bilayer

graphene with a twist angle of θ = 28◦. During the calculations under a finite electric field,

we assumed that the atomic structure of the bilayer graphene was fixed at the optimized

structure obtained under zero electric field. Electrons and holes were injected by a planar

electrode situated above the bilayer graphene with a vacuum spacing of 5.0 Å, mimicking

the single-gate graphene field effect transistor (FET) shown in Fig. 1. The electrode was

simulated using an effective screening medium with an infinite relative permittivity. To
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FIG. 2. Charge densities normal to the bilayer graphene with (a) AB, (b) AA, and (c) twisted

interlayer arrangements under an electric field, showing the charge densities under electron dop-

ing (left plots) and hole doping (right plots). Gray circles denote the atomic position of bilayer

graphene.

analyze the thermoelectric and thermal properties of the bilayer graphene in terms of the

stacking arrangements, we considered bilayer graphene with AB and twisted (θ = 28◦) in-

terlayer arrangements that possessed the same lateral unit cell. This enabled a quantitative

discussion of the Seebeck coefficient and the thermal diffusivity between layers in terms of

the stacking arrangement. An open boundary condition along the direction normal to the

graphene layer was imposed by putting an effective screening medium with εr = 1 at the

cell boundaries.

Figure 2 shows the carrier distribution across the graphene layer under excess carriers of
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0.19e(h)/nm2. The carrier distribution n(z) is evaluated by

n(z) =

∫
{ρF (r)− ρ0(r)}dxdy

where ρF (r) and ρ0(r) are electron density with and without external electric field. It is seen

that the distribution of accumulated carriers in bilayer graphene under an external electric

field strongly depends on the interlayer stacking arrangement. For the AB stacking under

electron doping, 80% of doped electrons are accommodated in the topmost layer, while 20%

are on the second layer. Accumulated holes exhibit a similar distribution: 79 and 21%

of the doped hole are distributed on the topmost and second layers, respectively, under a

perpendicular electric field, indicating an electron-hole symmetry for the carrier doping [Fig.

2(a)]. The penetration of injected carriers increases in the AA stacking arrangement, where

74 and 26% of carriers are distributed in the topmost and the second layers of graphene,

respectively, irrespective of the carrier species [Fig. 2(b)]. This large carrier penetration

into the second layer is ascribed to hybridization of the interlayer wavefunction, where the

wavefunction hybridization in AA graphene is larger than that in AB graphene owing to

the perfectly overlapped interlayer atomic arrangement of the former. These results imply

that the carrier is highly concentrated in the first layer of the twisted bilayer graphene

because of its weak interlayer wavefunction coupling. Indeed, the carrier distribution is

highly concentrated in the topmost layer of the twisted bilayer graphene for both electron

and hole doping [Fig. 2(c)], as in the case for a bilayer transition metal dichalcogenide with

a twisted arrangement under a normal electric field [53]. By integrating the accumulated

carriers along the z axis, carriers are perfectly localized on the topmost layer for electron and

hole doping cases. Therefore, the stacking misorientation can control the carrier penetration

depth in graphene thin film FETs.

The accumulated carrier distribution causes a variation in the capacitance of the bilayer

graphene FET in terms of the stacking arrangement. Figure 3 shows the capacitance of the

bilayer graphene FET with a single top gate electrode. The capacitance C is evaluated by

calculating q/VG where q is the carriers injected by the electrode and VG is the corresponding

gate voltage with respect to the vacuum level situated at the opposite cell boundary to the

gate electrode. The capacitance is found to depend on the stacking arrangement. For

bilayer graphene with AB and AA arrangements, the capacitance weakly depends on the

gate voltage [Figs. 3(a) and 3(b)], where the capacitance of the AA arrangement is slightly
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FIG. 3. Capacitance of bilayer graphene with (a) AB, (b) AA, and (c) twisted interlayer arrange-

ments. Positive and negative VG correspond to electron and hole doping, respectively.

lower than that of the AB arrangement. This lower capacitance may relate to the lower

carrier concentration on the topmost layer in the bilayer graphene with the AA stacking.

In contrast, the capacitance of the twisted bilayer graphene is higher than that of the other

two bilayer graphene and exhibits a relatively large gate voltage dependence.

We also investigated the electrostatic potential normal to the graphene layers under an
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electric field corresponding to a carrier density of 0.19e(h)/nm2 (Fig. 4). The potential drop

mainly occurs between the topmost layer and the electrode, because the majority of carriers

are accommodated in the topmost layer. Careful analysis of the potential between the layers

reveals that the electric field between the layers depends on the stacking arrangements.

Specifically, the electric field values for electron and hole doping at the middle of the bilayer

graphene with AB stacking are 0.68 and 0.71 V/nm, respectively, which is the smallest

values among the bilayer graphene studied here [Fig. 4(a)]. The electric field values for

electron and hole doping between the layers of bilayer graphene with AA stacking is 0.88

and 0.83 V/nm, respectively [Fig. 4(b)]. These large electric field values are ascribed to the

strong interlayer dipole associated with the carriers induced on the second layer and in the

interlayer vacuum spacing [Fig. 4(b)]. The twisted arrangement also induces large electric

field values for electron and hole doping at the middle of the layers of 0.80 and 0.83 V/nm,

respectively [Fig. 4(c)]. Unlike the case with the AA arrangement, the carrier concentration

in the topmost layer of the twisted bilayer graphene leads to the large potential difference

between the layers.

Next, we determine the modulation of the electronic energy band via the carrier injection

(Fig. 5). For the AB arrangement, both electron and hole injections cause a finite energy

gap between the valence and conduction bands at the vicinity of the K point, owing to the

electrostatic potential difference between layers and the band repulsion [Fig. 5(a)]. However,

the dispersion relation of the lowest and the highest branches of the conduction and valence

bands, respectively, is different from those of the bilayer graphene with AB arrangement

under the normal external electric field without excess carriers. In contrast, bilayer graphene

with AA and twisted arrangements do not exhibit a substantial electronic band structure

modulation under an external electric field, excepting an energy shift upon carrier injection.

In particular, the band dispersion relation near the Fermi level of the bilayer graphene with

AA arrangement perfectly retains the features without an external electric field. For the

twisted bilayer graphene, the electron and hole injections cause the Dirac cone to split into

upper and lower branches owing to the electrostatic potential difference between the layers.

Finally, the thermoelectric and thermal properties between layers of bilayer graphene in

terms of stacking arrangement is ascertained via ab-initio molecular dynamics simulations.

To apply a temperature difference between the layers, the initial velocities of atoms be-

longing to one of two layers were set to correspond to a temperature of 1000K. Then, the
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electrostatic potential difference between two cell boundaries was monitored and the average

atomic velocities were obtained during the molecular dynamics simulations under a constant

volume and temperature of 300K. The calculated Seebeck coefficient for the AB and twisted

bilayer graphene was found to be 12.01 and 12.76 µV/K, respectively. Further, the AB

and twisted bilayer graphene exhibited a thermal diffusivity of 2.23× 10−8 and 1.18× 10−8

m2/sec, respectively. The larger interlayer Seebeck coefficient and smaller interlayer ther-

mal diffusivity found in the twisted bilayer graphene are ascribed to its weaker interlayer

coupling compared with that in the AB bilayer graphene.

Based on DFT combined with the ESM, the electronic structure of bilayer graphene

was studied in the FET structure under an electric field for various interlayer stacking ar-

rangements. The distribution of accumulated carriers in bilayer graphene under an external

electric field strongly depended on the interlayer stacking arrangement. Specifically, the

carrier distribution was highly concentrated in the topmost layer of twisted bilayer graphene

for both electron and hole doping. However, substantial carrier penetration was found in

the second layer of AB and AA bilayer graphene, reflecting the interlayer wavefunction

hybridization of these arrangements. The accumulated carrier distribution also caused an

interlayer stacking dependence of the capacitance of a bilayer graphene FET. The capaci-

tance was sensitive and insensitive to the gate voltage for bilayer graphene with and without

a stacking misorientation, respectively. The carrier injection caused a large and small band

structure modulation for AB and twisted bilayer graphene, respectively, owing to the elec-

trostatic potential difference between the layers. In contrast, the field did not affect the

electronic structure of AA bilayer graphene. In addition to the carrier accumulation by the

external field, we investigated the interlayer Seebeck coefficient and thermal diffusivity of

bilayer graphene by conducting ab-initio molecular dynamics simulations. The calculated

Seebeck coefficients of the AB and twisted bilayer graphene were 12.01 and 12.76 µV/K,

respectively. The AB and twisted bilayer graphene had a thermal diffusivity of 2.23× 10−8

and 1.18 × 10−8 m2/sec, respectively. These results indicate that the interlayer stacking

arrangement crucially affects the physical properties of bilayer graphene in both electronic

and thermal viewpoints.
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FIG. 4. Electrostatic potential normal to the bilayer graphene with (a) AB, (b) AA, and (c) twisted

interlayer arrangements under an electric field corresponding to a carrier density of 0.19e(h) /nm2,

showing the potential under electron doping (left plots) and hole doping (right plots). Dotted

vertical lines indicate the position of graphene layers.
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FIG. 5. Electronic energy band at the vicinity of the K point and around the Fermi level of the

bilayer graphene with (a) AB, (b) AA, and (c) twisted interlayer arrangements, showing the energy

band under neutral (left plots), electron doped (0.19e /nm2) (center plots), and hole doped (0.19h

/nm2) (right plots) bilayer graphene. Horizontal dotted lines dente the Fermi level energy. The

range of the horizontal axis corresponds to 20% of the K-Γ line.
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