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Abstract

Field emission current density from the edge of graphene thin films are calculated
in terms of their edge morphology, using the density functional theory combined
with the effective screening medium method and the Fowler-Nordheim theory.
The field emission current from the bilayer graphene edges is higher than that
from the monolayer graphene edges. Edge displacement of the bilayer graphene
causes the higher emission current than the aligned edges for both zigzag and
armchair edges. Bilayer graphene with closed edges further enhances the emis-
sion current compared with those with open clean edges, owing to the decrease
of their work function and the potential outside them.

Keywords: Field emission current, Bilayer graphene with edge displacement,
Folded graphene, DFT
2010 MSC: 00-01, 99-00

1. Introduction

Nanocarbon materials, such as carbon nanotubes and graphene, are known
to possess unusual electronic and mechanical properties arising from their di-
mensionality, size, and morphology. Two-dimensional honeycomb network of
carbon atoms endows graphene with remarkable carrier mobility arising from
pairs of linear dispersion bands at the Fermi level. By imposing the open bound-
ary condition on graphene, resultant strips of graphene are either metals or semi-
conductors, depending on the edge atomic arrangement and the width, some
of which show carrier concentration near the edge atomic sites caused by the
peculiar edge-localized states. Curvature and topological defects also cause fur-
ther variation in the electronic properties of the resultant graphene derivatives.
Besides the electronic structures, the covalent network of sp? C atoms causes
remarkable mechanical strength and high chemical stability of graphene and
its derivatives. According to their physical and chemical properties arising from
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the characteristic geometry, graphene and its derivatives, carbon nanotubes and
graphene nanoflakes, are regarded as emerging materials for functional devices
in the future technologies.

Among such applications, graphene and carbon nanotubes are considered
to be suitable materials for emitting electrons, because of their high structural
aspect ratio, remarkable chemical stability, high mechanical stiffness, and ex-
cellent carrier conductivity. Indeed, graphene works as the electron emitting
source with the high and stable current density under the low turn-on electric
field [T, 2, (3, 4L (5, [6]. It has been experimentally reported that electrons are
primarily emitted around atomic sites of graphene edge where electric field con-
centration occurs. For the field emission from graphene edges, experimental
and theoretical works have clarified that the emission current strongly depend
on the edge morphologies and terminations [3 4, [7, 8, @1 10, [TT], 12} 13]. Besides
the monolayer graphene, graphene thin films are also plausible materials that
provide high emission current from their edges under the electric field, owing
to their multiple structures. For example, few-layer graphene is found to be
a good field emitter, with a turn-on fields as low as 1 V/um [6]. In the case
of graphene thin film, there are additional edge morphology, such as edge dis-
lodgement [14] [T5], [16], 17, 18] and open/closed edges [19, [I8| 20], which certainly
affects the emission properties in addition to the edge atomic arrangements and
terminations. Although several experiments provide fragmentary knowledge of
those problems, comprehensive theoretical studies on the emission current from
graphene thin films in terms of their edge morphology are still absent to date.

Based on the above background, in this paper, we aim to provide the the-
oretical insight into the field emission properties of graphene thin films under
an external electric field in terms of their the edge morphology arising from
their multilayered structures, based on the density functional theory (DFT)
combined with the Fowler-Nordheim theory and the effective screening medium
(ESM) method on bilayer graphene with various edge morphologies. Our DFT
calculations showed that the emission current from bilayer graphene are sensi-
tive to the edge morphologies: bilayer graphene with armchair edges provides
higher emission current than those with zigzag edges, owing to the lower poten-
tial barriers outside the edges. For both kinds of edges, the emission current
monotonically increases with increasing the amount of edge dislodgements. Fur-
thermore, the edge closing of the bilayer graphene causes further increase in the
emission current. This manuscript is organized as following. In section 2, theo-
retical methods used in this work are expressed. The detail of structural models
studied in this work is explained in section 3. Results and discussion are given
in section 4. The manuscript is summarized in section 5.

2. Calculation methods

All calculations in this study were based on the DFT [21], 22] implemented
in the Simulation Tool for Atom TEchnology (STATE) package [23]. The
exchange-correlation potential among interacting electrons was treated using
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the generalized gradient approximation with the Perdew-Burke-Ernzerhof func-
tional [24]. The interaction between electrons and ions was described by ul-
trasoft pseudopotentials generated by the Vanderbilt scheme [25]. The valence
wave function and deficit charge densities were expanded in terms of plane-wave
basis sets with cut-off energies of 25 and 225 Ry, respectively. All atomic struc-
tures were optimized until the force on each atom was below 5 mRy/ A under
the zero-electric-field condition except the cases of bilayer graphene with closed
edges. For the bilayer graphene with closed edges, two atomic lines at the open
edge side are fixed to retain their folded structure at the other side. Integration
over the Brillouin zone was carried out using a sampling with 4-k points along
the edge direction, which enabled sufficient convergence in the total energy and
electronic structures of graphene [26]. All atomic structures were fixed as those
under zero-electric field during the calculations of electronic properties under
an external electric field.

The ESM method was used to investigate the electrostatic potential proper-
ties of bilayer graphene under the lateral electric field. Figs a) and b) show
the calculation models of bilayer graphene with the open and closed edges, re-
spectively, under the external lateral electric filed, where electrons are injected
into the bilayer graphene by the planar counter metal electrodes described by
an infinite relative permittivity using the ESM method, and the edges of the
bilayer graphene facing the electrode are separated by a 5 A vacuum spacing
from the electrode. In contrast, an open boundary condition is imposed at the
opposite cell boundary described by a relative permittivity of 1 with the vacuum
spacing of 5 A from the other edges, where C atoms are terminated by the H
atoms to simulate the bilayer graphene with the infinite width.

3. Structural models

For the bilayer graphene with the open edges, we considered bilayer armchair
and zigzag graphene nanoribbons (AGNRs and ZGNRs) with the width of 15.76
and 15.47 A, respectively, and interlayer spacing of 3.4 A in the AB stacking
arrangement. To investigate the edge dislodgment effects, the one of two edges
is protruded by tx, where X = A for the armchair edge and X = Z for the
zigzag edge. We consider the bilayer AGNRs with ¢ 4=0, 1.23, and 2.46 A and
bilayer ZGNRs with t;=0.72, 1.44, and 2.87 A. As for the bilayer graphene
with closed edges, we considered the folded GNRs with armchair and zigzag
edges which are terminated by H atoms. Fig. [3|shows the optimized geometries
of folded GNRs with armchair or zigzag edges, whose curvature radius of the
folded moiety is rx, where X = A for the folded AGNR and X = Z for the
folded ZGNR. The r4 of the optimized folded AGNRs is 1.98, 3.17, and 3.64 A,
respectively, and 74 of folded ZGNRs 2.89, 2.93, and 3.37 A respectively.



(a)

Figure 1: The calculation models of (a) bilayer GNRs and (b) folded GNRs under a lateral
external electric field.

Figure 2: The geometric structures of bilayer (a) AGNRs and (b) ZGNRs with a lateral
displacement of ¢t 4 and tz, respectively.

4. Results and discussion

4.1. Bilayer graphene with closed edges

Table [1] shows the work functions of bilayer graphene with armchair and
zigzag edges whose edges possess dislodgements. The work functions of arm-
chair edges of bilayer graphene with the dislodgment of 0, 1.23, and 2.46 A are
5.20, 5.25, and 5.15 eV, respectively, which are smaller than 5.38 eV of arm-
chair edge of monolayer graphene. For the zigzag edges, the work functions are
5.93, 5.90, and 5.83 eV for the edge dislodgements of 0.72, 1.44, and 2.87 A, re-
spectively, which are also smaller than 6.34 eV of the monolayer graphene. The
work function of bilayer graphene depends on the edge shape and the lateral dis-
placement tx. The zigzag edges have higher work function than armchair edges,
consistent with the case of monolayer graphene. For both kinds of edges, the
work function monotonically decreases with increasing the edge displacement
tx. These results imply that edges of bilayer graphene cause higher emission
current than those of monolayer graphene. In order to confirm the field emission
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Table 1: Work function of AGNRs and ZGNRs with clean and functionalized edges.

Dislogment tx (A) | 0 123 246 | 0.72 144 289
O (eV) 5.20 9.25 5.15 | 5.93 5.90 5.83

property of bilayer graphene with the open edges, we calculated the potential
barriers outside the edges for the electron emission and the emission current
density under the external electric field. The current density I was evaluated
based on the Fowler-Nordheim theory by using the relation

I =Avexp [%“” / V2m(V(z) — Ep)dz), (1)

where A\ is the electron density accumulated near the edge by the external elec-
tric field, v is the collision frequency of electrons estimated by v = Ej/h with
the electron kinetic energy Ej, and V(z) is the plane-averaged electrostatic po-
tential across the bilayer graphene. Figs. a) and (b) are the potential barrier
and field emission current of bilayer graphene with open edges, respectively, as a
function of the external electric field. The potential barrier and emission current
depend on the intensity of the electric field, edge shape, and edge displacement.
The potential barrier for all bilayer graphene decreases with increasing the elec-
tric field. As for the edge morphology, the potential barrier for the armchair
edges is lower than that for the zigzag edges, in accordance with the work func-
tion difference. For both kinds of edges, the potential barrier decreases with the
increase in the edge displacement tx, In addition, bilayer graphene has lower
potential barrier than monolayer graphene. Accordingly, the field emission cur-
rent also depends on the edge shape, edge displacement, and electric field: the
current monotonically increases with increasing the electric field, the armchair
edges result in higher current than the zigzag edges, and the edge dislodge-
ment slightly enhances the current. Furthermore, the bilayer graphene causes
substantially higher emission current than the monolayer graphene.

Field emission properties of materials are affected by the electrostatic po-
tential and electric field around the emitting sites. Therefore, we depict the
contour plot of the electrostatic potential and the vector plot of the field of
bilayer graphene with the open edge and various edge displacement tx (Fig. [4)).
The electrostatic potential outside the bilayer graphene monotonically decreases
with approaching to the electrode. Note that the electrostatic potential is de-
picted by taking the difference between the potential under the critical electric
feld at which the electrostatic potential on the electrode crosses the Fermi level
with excess electron of 0.1 electrons and that without the electron to exclude the
deep potential arising from ions. The electric field mainly concentrated around
the edges sites facing to the electrode. The distributions of the electrostatic
potential and electric field are sensitive to the edge dislodgement. The electric
field is highly concentrated at the protruded edges, so that the field concen-
tration monotonically enhances with the increase in the edge displacement tx.
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Figure 3: Optimized geometries of folded GNRs with different curvatures

The field concentration near the protruded edges is the physical origin why the
field emission current enhances upon the increases of the edge dislodgement ¢ x.
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Figure 4: Electric-field dependence of (a) the potential barrier and (b) field emission current
for the field emission of bilayer and monolayer GNRs with clean edges.

The electron density around the emission sites is another important pa-
rameter for determining the emission current, in addition to the work function
and local electric field. Fig. [6] shows the distributions of accumulated electrons
across the bilayer graphene with the open zigzag and armchair edges under the
external electric field injecting 0.1 electrons into the graphene. We found that
the injected electrons are primarily distributed around the edge atomic sites of
which distribution depends on the edge shapes and dislodgement tx. For the
armchair edges, carriers are not only accumulated near the edge atomic sites
but also slightly penetrated inside graphene, while, for the zigzag edges, the
carrier concentrations occur near the edge atomic sites, suggesting that these
atoms contribute to the field emission. By integrating the accumulated carrier
around the edge atomic sites, carrier density of the bilayer graphene is about
0.09 electrons irrespective of the edge displacement, so that the enhancement
of the emission current is mainly ascribed to the field concentration around the
protruded edges.
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Figure 5: Plots of the average electrostatic potential contour and average electric field vector
of bilayer GNRs with the open edge possessing lateral displacement ¢ x subject to the critical
electric field for electron emission. Black dots denote the atomic position.

Table 2: The work function of the bilayer graphene with the closed edges of different curvature
radius.

rx (A) | 1.98 3.17  3.64 | 2.89 2.93 3.37
O (eV) | 5.890  4.88 479 | 47 448 475

Since the field emission patterns of the tunneling electrons from the edge of
bilayer graphene are associated with the electronic states near the Fermi level,
we calculated the local density of state (LDOS) of bilayer graphene with open
edges near the Fermi level to simulate the field emission image. The LDOS is
calculated by

Er 2
p(r) = —% ImZ/ dEM (2)

)
7 JEe-a E—e€pp+id

where A is defined as 1 eV and ¢,, i, is the valence wave function with the band
index n and momentum k. Fig. [7] shows the LDOS of bilayer graphene with
various displacement ¢ projected on a plane in a vacuum region. The LDOS of
bilayer graphene depends on the edge shape and dislodgment ¢x. The emission
patterns associated with the upper and lower graphene are observed under the
small dislodgement for both armchair and zigzag edges. For the bilayer graphene
with the large edge dislodgement, the pattern associated with the protruded
edge is dominant. The patterns from the armchair edges show bonding 7 state
natures, while those from the zigzag edges show the dangling bond state and
edge state natures.

4.2. Bilayer graphene with closed edges

It has been pointed out that the open edges of multilayered graphene are
closed after emitting large current [27]. In this subsection, we investigate how
the field emission properties of bilayer graphene depend on the edge closing
by calculating the bilayer graphene with closed edge which is simulated by the
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Figure 6: Distribution of accumulated electrons in bilayer GNRs with open edges possessing
the lateral displacement tx under the external electric field corresponding to 0.1 electron
doping. Black dots in each panel indicate atomic positions.
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Figure 7: Contour plots of LDOS projected on a plane parallel to the electrode in the vacuum
for bilayer GNRs with different ¢tx under the critical electric field for the electron emission.

folded graphene nanoribbons (Fig. [3). Table [2[ summarizes the work functions
of bilayer graphene with folded edges whose curvature radius is rx. Calculated
work functions are 5.89, 4.88, and 4.79 eV for the folded armchair edges with
the curvature radius of 1.98, 3.17 and 3.64 A, respectively, and 4.70, 4.48, and
4.75 eV for the folded zigzag edges with the curvature radius of 2.89, 2.93, and
3.37 A, respectively. We found that the folded armchair edges have larger work
function than folded zigzag edges, implying that the folded zigzag edges cause
higher field emission current than the folded armchair edges. In addition, we
also found that the work functions of the folded edges are smaller than that of
the corresponding open edges, except for the case of the folded armchair edge
with the curvature radius of 1.98 A.

Fig. |8 (a) shows the potential barrier for the field emission from the folded
graphene edges as a function of the electric field. The potential barrier strongly
depends on the electric field intensity and atomic arrangement in the folded
moiety, but weakly depends on the curvature of the folded moiety. The potential
barrier for all folded edges decreases with increasing the electric field. The
folded armchair edges show higher potential barrier than the folded zigzag edges,
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reflecting their work functions difference. In addition, as the case of the bilayer
graphene with the open edge, the potential barrier outside the folded edges are
also lower than that outside monolayer graphene.

Fig. [§(b) shows the field emission current from the folded graphene as a
function of the electric field, evaluated by Fowler-Nordheim formula shown in
the Eq.. In accordance with the decrease of the potential barrier with respect
to the field, the field emission current increases with increasing the electric field.
Emission current from folded edges is larger than that from the open edges of
monolayer and bilayer graphene, except the case with a curvature radius of
1.98 A due to its tightly folded edge. Furthermore, the emission current from
the folded edges with zigzag edge is higher than that from the folded edges with
armchair edge, irrespective of the curvature of the folded moiety.
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Figure 8: Electric-field dependence of (a) the potential barrier and (b) field emission current
for the field emission of folded GNRs and monolayer GNRs with the clean edges.
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Figure 9: Plots of the average electrostatic potential contour and the average electric field
vector of folded GNRs subject to the critical electric field for electron emission. Black dots
denote the atomic.

Fig. [0] shows contour plots of electrostatic potential and vector plots of elec-
tric field of the folded graphene. For the folded armchair graphene, the elec-
trostatic potential drop occurs between the tip of the folded moiety and the
electrode, and the potential monotonically decreases with approaching to the
electrode. Accordingly, the electric field mainly concentrates at the tip of the
folded region. Note that the field relatively penetrates inside the flat graphitic
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region compared with the case of graphene with open edges. The folded moiety
of the folded zigzag graphene exhibits unusual feature: the potential gradually
decreases between the middle of the graphene ribbon and the folded region, and
then it rapidly decreases with approaching the electrode. Therefore, the electric
filed highly concentrates around tip of folded region, and simultaneously and
substantially penetrates inner region.
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Figure 10: Distribution of accumulated electrons in bilayer GNRs with closed edges under the
external electric field corresponding to 0.1 electron doping. Black dots in each panel indicate
atomic positions.

To give the physical insight into the unusual potential profile and electric
field, we investigate the charge density distribution of accumulated electrons
across the folded graphene. Fig. shows the distributions of accumulated
electrons in graphene with folded edges under an external electric field, which
injects 0.1 electrons to the graphene. We found that the injected carrier primar-
ily accommodated around the folded region, and it has distribution on the flat
graphitic region: 75 and 90 % of injected electrons are accommodated around
the folded regions of the folded armchair and zigzag graphenes, respectively.
The penetrated carriers cause the electric field inner region of graphene. For
the case of folded zigzag graphene, the substantial penetration is ascribed to
the edge states on the zigzag edge of the graphene opposite to the folded region:
the carrier on the atoms at the open edges causes carrier an oscillation in the
graphitic region to screen the carrier associated with the edge states.

Finally, we investigate the field emission patterns from the closed edges of
bilayer graphene. The pattern is simulated by calculating the LDOS near the
Fermi level. Fig. shows the projected images of LDOS for the closed edges
of bilayer graphene on a plane in the vacuum region. The field emission pattern
of the closed edge of bilayer graphene depends on the atomic arrangements and
curvature at the tip of the folded moiety. we found that for each closed edge,
the field emission image basically reflects the geometrical structure at the tip of
the folded region: H-shaped and hexagonal patterns for closed edges of armchair
zigzag graphene, respectively. These characteristic patterns indicate that the
field emission of folded graphene is caused by the p, (or 7) electron state of C
atoms near the folded moiety.
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Figure 11: Contour plots of LDOS projected on the plane parallel to the electrode in the
vacuum between the folded GNR and electrode for folded GNRs with different curvatures.

5. Conclusion

We studied the electrostatic potential property of bilayer graphene thin films
with the open and closed edges under the lateral external electric field based on
the DFT combined with ESM method. We found that bilayer graphenes with the
open edges have higher field emission current than the corresponding monolayer
graphene. Furthermore, the field emission current of bilayer graphene thin films
with the open edge can be enhanced by the lateral displacement ¢, irrespective
of the edge shape. Besides, the bilayer graphenes with the armchair edges show
higher filed emission current than those with the zigzag edges due to their lower
potential barrier for the field emission caused by their lower work function. For
the case with the closed edge, we found that folded edges show higher filed
emission current compared with the corresponding monolayer graphene and the
bilayer graphenes with the open edge. Besides, the folded armchair graphenes
have higher potential barrier than the folded zigzag graphene, resulting in their
lower filed emission current.
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