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A gate electric field is a powerful way to manipulate the physical properties of nano-junctions
made of two-dimensional crystals. To simulate field effects on the electronic structure of trilayer
graphene, we used density functional theory in combination with the effective screening medium
method, which enables us to understand the field-dependent layer-layer interactions and the fundamental physics underlying band gap variations and the resulting band modifications. Two different
graphene stacking orders, Bernal (or ABC) and rhombohedral (or ABA) were considered. In addition to confirming the experimentally observed band gap opening in ABC-stacked and the band
overlap in ABA-stacked trilayer systems, our results reveal rich physics in these fascinating systems,
where layer-layer couplings are present but some characteristics features of single-layer graphene
are partially preserved. For ABC stacking, the electric-field-induced band gap size can be tuned by
charge doping, while for ABA band the tunable quantity is the band overlap. Our calculations show
that the electronic structures of the two stacking orders respond very differently to charge doping.
We find that in the ABA stacking hole doping can reopen a band gap in the band-overlapping
region, a phenomenon distinctly different from electron doping. The physical origins of the observed
behaviors were fully analyzed, and we conclude that the dual-gate configuration greatly enhances
the tunability of the trilayer systems.

I.

INTRODUCTION

Ultra-thin graphite thin films have great potential for
applications in nanoelectronics.1,2 Many of these applications require a sizable band gap, a feature that is
lacking in graphene monolayers.3 Bilayer graphene with
Bernal stacking order exhibits a band gap tunable by controlling the electric field perpendicular to the graphene
sheet.4–6 The two thermodynamically stable rhombohedral (ABC) and Bernal (ABA) stacking orders of trilayer
graphene, as shown in Figs. 1(a,b), have been extensively studied in experiments measuring electrical transport properties,7–9 infrared conductivity,10 and scanning
tunneling spectroscopy,11 and exhibit very different band
structures and responses to electric fields. A band gap
of up to 0.2 eV induced by strong electric fields has been
observed in ABC-stacked, with no sign of a band gap
opening in ABA-stacked trilayer graphene.11
In experiments the field effect is studied by applying a
gate voltage Vg between metallic gate electrodes and the
graphene sample. The gate electrodes are parallel to the
graphene sheet, and the resulting electric field is in the
normal direction, see Figs. 1(c,d). Two gate electrodes
are employed in some experiments,9,11 one beneath and
the other above the graphene sample, a geometry that
is referred as the dual-gate configuration, see Fig. 1(c).
The electric fields between the graphene sheet and the
two gate electrodes, denoted E1 and E2 in the figure,
can be controlled by the corresponding gate voltages Vg1
and Vg2 . The electric displacements ǫ0 E1 and ǫ0 E2 can
be different, and a difference signals a net charge density
σ on the trilayer graphene sheet. In other experimental arrangements10 there is only a single gate electrode,
placed on one side of the graphene sample, the singlegate configuration in Fig. 1(d). In this configuration the

FIG. 1. (Color online) Schematics of the (a) ABC and (b)
ABA stacking orders of trilayer graphene, and the (c) dualand (d) single-gate configurations used in simulations. The
first Brillouin zone of trilayer graphene is shown in the insert
in (a). In (c,d) the net charge density on the trilayer graphene
is denoted by σ, and the electric field between graphene and
gate electrodes is denoted by E. Vacuum (permittivity ǫ0 ) is
used as the medium between graphene and gate electrodes in
our simulations.

electric field between the graphene sheet and the gate
electrode is proportional to the net charge density on the
graphene trilayer. The single-gate configuration can be
considered a special case of the dual-gate configuration
with one of the gate voltages equal to zero. In this work
we focused on the dual-gate configuration, in which the
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electric field and charge doping on graphene trilayers can
be separately tuned. While the effect of electric field on
the electronic structure of trilayer graphene has been the
object of many experimental7–11 and theoretical10,12–15
studies, the effect of charge doping has received little attention so far.
Theoretical investigations of graphite and of few-layer
graphene have relied heavily on empirical tight-binding
models,16–19 which include several intra- and inter-layer
off-site hopping terms. Electric field effects on the charge
distribution and on on-site energies can be treated using
self-consistent Hartree theory.12,13,20 The empirical tightbinding models have successfully reproduced the electricfield-induced band gap opening for ABC-stacked trilayer
graphene;10,12–14 however, they suffer from the the subtle interactions of the off-site hopping parameters and
from the absence of exchange and correlation screening
effects.14 Density functional theory21,22 (DFT), solving
the Kohn-Sham equations self-consistently with a sophisticated approximation for the exchange-correlation functional, in most cases provides a superb description of electronic structure. In this work we employed DFT in conjunction with the effective screening medium23 (ESM)
technique to study electric field effects on ABC- and
ABA-stacked trilayer graphene.
The rest of the paper is organized as follows: The DFT
method used in our calculations is outlined in Section II.
In Section III, we discuss in detail the effects of electric field and charge doping on the electronic structure of
ABC- and ABA-stacked trilayer graphene. A final summary is given in Section IV.

II.

COMPUTATIONAL METHOD

The band structures of trilayer graphene were calculated using DFT on a plane-wave basis with pseudopotentials and employing the Perdew-Burke-Ernzerhof
(PBE) parameterized generalized gradient approximation (GGA) exchange-correlation functional.24 Graphene
trilayers embedded between two semi-infinite media (vacuum or ideal metal) were treated employing the effective
screening medium (ESM) method23 as implemented in
the Quantum ESPRESSO package25 . The methods
introduced in Refs. 26–28 treat the single-gate configuration [Fig. 1(d)] by including the electrostatic potentials
from fictitious monopole and dipole layers; they are not
capable of dealing with the dual-gate configuration shown
in Fig. 1(c). The ESM method solves the electrostatic potential by explicitly considering the boundary condition
due to the presence of gate electrodes.23
The calculated in-plane lattice constant of trilayer
graphene using PBE is 2.464 Å, which is equal to
the value measured for graphite in experiments.29 The
graphene monolayers are weakly bound by van der Waals
interactions. The van der Waals density functional
(vdW-DF) theory30 is employed to treat the weak interlayer interactions. We benchmarked vdW-DF varia-

tions on the graphite system, and the results are presented in the Appendix. We chose the vdW-DF with
codename “vdw-df2-b86r”31 as the best among the available vdW-DF variations, although it slightly underestimates the out-of-plane lattice constant of graphite, see
the Appendix. The calculated interlayer distance of
trilayer graphene using the “vdw-df2-b86r” vdW-DF is
3.342 Å, which is slightly shorter than 3.350 Å than that
adopted in previous theoretical work.14,32 We also performed structural relaxation under a gate voltage using
the ESM method, for gate voltages within the same range
as used for the electronic structure calculations shown in
the results section. We found that the inter-layer distance
relaxation is less than 2 × 10−4 Å, and we also confirmed
no visible effect on the electronic structure. We chose
3.350 Å as the interlayer distance used to calculate the
electronic structure for trilayer graphene.
In experiments the region between the trilayer
graphene and the gate electrodes [Figs. 1(c,d)] is filled
by dielectric materials such as HfO2 9 and SiO2 11 . The
high carrier mobility of trilayer graphene on HfO2 and
on SiO2 substrates9,33 indicates a weak coupling between
the trilayer graphene and these dielectric materials. In
our calculations we replace the dielectric material between trilayer graphene and gate electrodes with vacuum. The thickness of vacuum between graphene and
gate electrodes is larger than 10 Å, to prevent a charge
density overlapping with the gate electrode, a requirement of the ESM method.23 For self-consistent calculation of the charge density, the first Brillouin zone was
sampled by a 55 × 55 uniform k-mesh with a MethfesselPaxton34 smearing of 1 mRy. The convergence threshold
for self-consistency is 10−10 Ry. The calculation of the
density of states (DOS) of graphene systems requires an
ultra-fine k-mesh. Since we are interested in the DOS in
the vicinity of the Fermi energy, which is contributed by
electronic states near the K point in the first Brillouin
zone. So we calculated the DOS by integrating over a
tiny rhombus whose area is 0.36% of that of the first
Brillouin zone, centered at the K point and sampled by
a uniform 61 × 61 k-mesh with a Gaussian smearing of
0.5 mRy.

III.

RESULTS

In this section we present calculation results using the
dual-gate configuration shown in Fig. 1(c). Results for
ABC-stacked trilayer graphene are discussed in subsection A, and for ABA in subsection B. In each subsection,
we first discuss the effect of electric fields with the trilayer graphene kept neutral, followed by the dependence
of the band structure on the net charge density.
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ABC-stacked trilayer graphene

At zero electric field the ABC-stacked trilayer graphene
is a semi-metal, with the highest valence band touching the lowest conduction band near the K point, as
in Fig. 2(a). The band structure at an electric field of
ǫ0 E = 0.023 C/m2 is shown in Fig. 2(b). The energy gap
at the K point is then about 0.4 eV, while the energy gap
minima at the two points denoted as Eg1 (along the K-Γ
path) and Eg2 (along the K-M path) are about 0.2 eV.
The energy gap on a k-point mesh centered at K-point is
shown in pseudo-color in Fig. 2(c). We can see that the kpoints with an energy gap close to 0.2 eV form a circle-like
region. Note that due to the trigonal warping14 the K-Γ
and K-M paths are inequivalent, leading to the asymmetry in the sizes of Vg1 and Vg2 as shown in Fig. 2(d). The
energy gaps EK at the K-point (circles) and Eg1 and Eg2
(triangles and squares) are plotted as a function of the
electric field in Fig. 2(d). The band gap of about 0.2 eV
induced by an electric field of ǫ0 E = 0.02 C/m2 or larger
is in good agreement with a recent experiment.9
Projecting the DOS onto each graphene layer helps
to understand the mechanism of the energy gap opening. The band structure and the layer-projected DOS
at small electric field (ǫ0 E = 0.006 C/m2) are shown in
Fig. 3(b). The flat dispersion in the band structure (left
panel) near the energy gap results in two sharp peaks in
the DOS. Neither of these peaks is contributed by the
central graphene layer (black solid line), but respectively
by the graphene layers on the bottom and top of the
graphene trilayer; thus, we can attribute the band gap
opening as a result of the electric-field-induced potential
difference between the bottom and top graphene layers
[Fig. 4 inset (a)].
At higher electric fields the peaks in the DOS are no
longer contributed solely by one of the graphene layers.

At an electric field of ǫ0 E = 0.030 C/m2 [Fig. 3(e)], the
bottom and the top graphene layers contribute almost
equally to the two peaks in the DOS, and the central
graphene layer also makes a sizable contribution. As
a result, the field-induced potential difference can no
longer enhance the energy gap. This explains the saturation of field-induced energy gaps at high electric fields
[Fig. 2(d)].
We next turn to the effect of charge doping. Charge
doping of the trilayer graphene is accompanied by unequal electric fields on the two sides [E1 and E2 in
Fig. 1(c)]. In this case the electric field is defined as
E = (Vg1 + Vg2 )/(d1 + d2 ). In our calculation we set
d1 = d2 , so that E = (E1 + E2 )/2. At zero electric
field, the band structure is rigidly shifted by the charge
doping. The band gap as a function of the net charge
density at finite electric fields is shown in Fig. 4. The energy gaps plotted in Fig. 4 correspond to Eg1 illustrated
in Fig. 2(b), the energy gap along the K-Γ path. At a
small electric field of ǫ0 E = 0.006 C/m2, both electronand hole-doping of 7.6 × 1012 cm−2 can enhance the band
gap by about 0.05 eV. The energy gap is unchanged by
charge doping at high electric field of ǫ0 E = 0.030 C/m2.
By comparing the layer-projected DOS in Figs. 3(a-c)
and (d-f), we can see that charge doping does not change
the distribution of DOS over the three graphene layer,
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FIG. 2. (Color online) The band structure of ABC-stacked trilayer graphene near the Fermi energy under electric fields (a)
E = 0 and (b) ǫ0 E = 0.023 C/m2 with the trilayer graphene
kept neutrally charged. The energy gap at the K-point is denoted as EK , and the smallest band gaps along the Γ–K and
Γ–M paths are denoted as Eg1 and Eg2 . In (c) the energy
gap at electric field of ǫ0 E = 0.023 C/m2 is plotted on a kpoint mesh centered at the K-point. The dependence on the
electric field is plotted in (d).

FIG. 3. The band structure (left in each panel) and the density of states (right) of ABC-stacked trilayer graphene are
shown for different electric fields and charge dopings. The
electric field is ǫ0 E = 0.006 C/m2 for (a-c), and ǫ0 E =
0.030 C/m2 for (d-f). The net charge density on the trilayer
graphene is −7.6 × 1012 cm−2 for (a,d), zero for (b,e), and
+7.6 × 1012 cm−2 for (c,f). The band structure is plotted
along the same path as in Figs. 2(a)(b). The layer-projected
density of states on the central graphene layer is denoted by
solid (black) lines, and on the other two graphene layers by
dashed (red) and dotted (blue) lines.
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FIG. 4. The band gap of ABC-stacked trilayer graphene as a
function of the net charge density. The electric field strength
is ǫ0 E = 0.030 C/m2 (squares) and ǫ0 E = 0.006 C/m2 (circles). The changes in the potential energy felt by electrons
along the direction of the electric field are plotted in the insets, where the positions of the top and bottom graphene layer
are denoted by vertical dashed lines.

so the changes in the band gap induced by charge doping can also be attributed to the changes in the potential
difference on the top and bottom graphene layers. At an
electric field of ǫ0 E = 0.03 C/m2 the central graphene
layer contribute 20–25% of the total density of states
according to the values of projected DOS at the band
edges shown in Figs. 3(d-f). The potential energy felt
by electrons averaged over the x-y plane is plotted along
the z-direction in the insets of Fig. 4. At zero doping
the potential energy difference between top and bottom
graphene layer is 0.05 eV [inset (a)], while hole-doping of
7.6 × 1012 cm−2 increases the potential energy difference
to 0.1 eV [inset (b)]. Accordingly the band gap is enhanced from 0.05 eV at zero doping to 0.1 eV. Another
observation from Fig. 4 is the symmetry in the band gap
changes for electron and hole dopings. The underlying
mechanism is that the shapes of layer-projected DOS are
not very sensitive to charge doping. We will see later a
different scenario in ABA stacking.

three-fold rotational symmetry of the ABA-stacked lattice is apparent. The band overlap creates six Dirac-like
points with tiny gaps of ∼ 10 meV; three of these are located at the corners and the other three on the edges of a
triangle-like region centered at the K-point. The width
of the band overlap as measured in k-space (∆k) and in
energy space (∆E) is illustrated in Fig. 5(b). Both ∆k
and ∆E are increased by electric fields.
The total DOS and the DOS projected on the central graphene layer at E = 0 and ǫ0 E = 0.015 C/m2 are
shown in Figs. 6(b) and (e). The layer-projected DOS
on the other two graphene layers are almost the same,
and so for clarity they are not shown. At E = 0 the
small band gap between the two quadratic bands near
the Fermi energy results in a small dip in the total DOS.
The lower edge of the dip is contributed mainly by the
central graphene layer. At ǫ0 E = 0.015 C/m2 the two
peaks in the total DOS correspond to the boundaries of
the band overlap region. The lower peak is mainly contributed by the central graphene layer. Thus, the band
overlap is related to the effective potential of the central
graphene layer with respect to the other two layers; this
is different from the ABC-stacked case.
At E = 0 the effect of charge doping is shown in
Figs. 6(a-c). When the graphene trilayer is hole-doped
with a net charge density of 9.5 × 1012 cm−2 [Fig. 6(c)],
the edges of the dip in the total DOS develop into two visible peaks, and the gap between the two quadratic bands
is enhanced from 0.02 eV to 0.07 eV. At electron-doping
[Fig. 6(a)] the contribution of the central graphene layer
shifts to the upper edge of the dip. This is due to the
higher potential energy felt by electrons at the central
graphene layer [Fig. 7 inset (a)]. At an electric field of
ǫ0 E = 0.015 C/m2 the edges of the dip in total DOS develop into clear peaks. Hole doping of 9.5 × 1012 cm−2
enhances the energy difference between these two peaks
and turns the band overlap into a band gap [Fig. 6(f)].
Upon electron doping [Fig. 6(d)], the contribution of the
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FIG. 6. The band structure (left in each panel) and the density of states (right in each panel) of ABA-stacked trilayer
graphene at different electric fields and charge dopings. The
electric field is E = 0 for (a-c) and ǫ0 E = 0.015 C/m2 for
(d-f). The net charge density on the trilayer graphene is
−9.5 × 1012 cm−2 for (a,d), 0 for (b,e), and +9.5 × 1012 cm−2
for (c,f). The band structure is plotted along the same path
as in Figs. 5(a-b). The layer-projected density of states on the
central graphene layer is denoted by solid (black) lines, and
on the other two graphene layers by dashed (red) and dotted
(blue) lines. The total density of states is denoted by dashed
black lines.

FIG. 7. The energy gap between the two peaks in the total
DOS of ABA-stacked trilayer graphene as a function of the
net charge density shown for electric field strength E = 0
(squares and black solid line) and ǫ0 E = 0.015 C/m2 (circles
and red dashed line). Insets show the changes in the potential
energy felt by electrons along the direction of the electric field
(black solid lines), where the positions of the graphene layers
are denoted by vertical dashed lines.

central graphene layer shifts to the upper peak, reminiscent of the case with zero electric field in Fig. 6(a).
The energy differences between the two peaks in the
total DOS at E = 0 (squares and black solid line) and
ǫ0 E = 0.015 C/m2 (circles and red dashed line) are plotted as a function of the net charge density in Fig. 7. We
can see that the electric field plays only a minor role.
The energy difference is larger on the hole-doping side
than that for electron doping, which can be attributed
to two factors. First, the doping-induced potential difference ∆ between the central graphene layer and the
other two layers (shown as the solid black lines in the
insets of Fig. 7) is larger on the hole-doping side. Second, the central graphene layer always dominates the
lower peak in the hole-doping side, which makes the potential difference induced by dole-doping efficiently turn
into an energy difference between the two peaks. On the
electron-doping side, the potential difference is counteracted by i) the shift of the main contribution of the central graphene layer from the lower peak to the higher
peak, and ii) the remaining small contribution to the
lower peak [Fig. 6(d)].

FIG. 8. The density of electrons and holes imposed by gate
voltages on (a) ABC-stacked and (b) ABA-stacked trilayer
graphene. The net charge density is −9.5 × 1012 /cm2 for
electron doping and +9.5 × 1012 /cm2 for hole doping. The
densities along the z-axis after integrating over the x-y plane
are shown in (a1) and (b1). The iso-surface of electron density
are shown in (a2, a3) and hole density in (b2, b3); the contour
3
value is set as ±0.05 × 10−3 /Å .

C.

Electron and hole densities

The electron-hole symmetry in ABC-stacked (Fig. 4)
and asymmetry in ABA-stacked trilayer graphene
(Fig. 7) can also be illustrated by the spatial distributions of electrons and holes imposed by gate voltage. For
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ABC-stacking the hole density on the hole-doping side
[Fig. 8 (a2)] is indistinguishable from the electron density on the electron-doping side [Fig. 8 (a3)]. If we further integrate the hole- and electron-density within the
x-y plane, the resulting curves are identical along the
z-direction [Fig. 8 (a1)]. The electron-hole symmetry apparent in the identical electron and hole densities can be
observed for all the conditions in our calculations. For
ABA-stacked trilayer graphene the electron-hole asymmetry is equally illustrated by the different distributions
of holes [Fig. 8 (b2)] and electrons [Fig. 8 (b3)]. In particular, the hole-density on the central graphene layer is
higher than the corresponding electron density, which can
also be seen from the z-dependence shown in Fig. 8 (b1).

Appendix: Benchmark of van der Waals density
functionals on graphite

In this section we report benchmark tests of the effects of variations of the van der Waals density functionals (vdW-DF)30 implemented in the Quantum
ESPRESSO package25 on the structural and elastic
properties of graphite. The aim of this benchmark study
is to find the optimal functional capable of describing the
field effect on the inter-layer distance in graphene trilayers. The lattice constants, the C33 elastic constant, and
the inter-layer binding energy of graphite are calculated
using variations of vdW-DF’s. The exchange-correlation
energy as a functional of charge density in the vdW-DF
theory is
vdW−DF
Exc
[n] = ExGGA [n] + EcLDA [n] + Ecnl [n].

IV.

SUMMARY

The effects of electric field on the electronic structure
of trilayer graphene with ABC- and ABA-stacking orders
were studied thoroughly using DFT in conjunction with
the ESM method. The band gaps or overlaps induced
by electric fields in ABC(ABA)-stacked trilayer graphene
were fully characterized by results from first-principles
calculations. By simulating the dual-gate configuration
we are able to look separately at the effects of electric
field and those of charge doping. Changes in the band
gap of ABC-stacked graphene trilayer are symmetric for
hole and electron doping, since the shape of the distribution of layer-projected DOS remains largely unchanged
upon charge doping. In contrast, electron and hole dopings cause distinct changes to the electronic structure of
ABA-stacked trilayer graphene, reflected in an asymmetrical charge-dependent energy gap curve. The single-gate
configuration as shown in Fig. 1 (d) is a special case of the
dual-gate configuration, setting Vg1 and E1 to zero. In
the single-gate configuration the electric field is proportional to the net charge density. From our calculations
using the dual-gate configuration, we emphasize that the
single-gate field-effect on the band structure arises from
both the electric field and the charge-doping.
Our findings are of great importance in guiding future experimental and computational searches aiming to
control band structure. Further investigations with the
inclusion of spin-orbital couplings are underway.
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(A.1)

The first term on the right hand side, ExGGA , is the exchange part of variations of generalized gradient approximation (GGA) functionals. The second term, EcLDA , is
the correlation part of the local density approximation
(LDA) functional. The third term, Ecnl , contains variations of the nonlocal part of the correlation, including
vdW130 and vdW2. The vdW-DF variations tested are
listed in Table I.
According to the benchmark results, the vdW-DF’s
with codename “vdw-df” and “vdw-df2” (see Table I)
overestimate both in-plane and out-of-plane lattice constants, but underestimate the C33 component of the elastic constant. The remaining six vdW-DF’s are almost
equally good at predicting the in-plane lattice constant
and the C33 elastic constant, However, only “vdw-dfobk8” and “vdw-df2-b86r” predict a reasonable out-ofplane lattice constant c0 ; the other four underestimate
c0 . Comparing “vdw-df-obk8” and “vdw-df2-b86r”, we
chose “vdw-df2-b86r” since it leads to a inter-layer distance closer to the experimental results.

vdW-DF codename GGA flavor non-local scheme Reference
vdw-df
revPBE
vdW1
Ref. 30
vdw-df2
revised PW86
vdW2
Ref. 35
vdw-df-obk8
optB88
vdW1
Ref. 31
vdw-df-ob86
optB86b
vdW1
Ref. 36
vdw-df-cx
cx
vdW1
Ref. 37
vdw-df-c09
C09x
vdW1
Ref. 38
vdw-df2-c09
C09x
vdW2
Ref. 38
vdw-df2-b86r
revised B86b
vdW2
Ref. 39
TABLE I. The van der Waals density functional (vdW-DF)
variations used in the benchmark calculations.
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FIG. 9. (a,b) Lattice constants, (c) the C33 component of elastic constant, and (d) the interlayer binding energy calculated
using variations of van der Waals density functionals listed in
Table I. The range of experimental results are denoted by the
two black dashed lines, except (a) for which there is no spread.
References for the experimental results are: (a) Ref. 29; (b)
Refs. 29 and 40; (c) Refs. 41–44 (d) Refs. 43, 45, and 46.
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