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Optimal Thickness for Charge Transfer in Multilayer Graphene Electrodes
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We study the charge transfer in multilayer graphene from first principles. We find that highly oriented
(Bernal) and misoriented (turbostratic) multilayers show similar charge distributions despite their different
electronic structure. We quantify the charge transfer and doping distribution in turbostratic graphene layers,
where the screening is affected by vanishing density of states near the Fermi level. The results are in good
agreement with an analytic model accounting for the electrostatic interaction and the band filling and point
out the importance of system-specific interactions between the surface and the first layer. We find that
graphene is an outstanding material for ultrathin electrodes, as most of the benefits of multilayer graphene

can be captured with bilayers.
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Since the isolation of individual graphene layers [1], a
vast amount of research has explored new physics in these
two-dimensional structures. The fabrication of large-scale
sheets [2,3] has highlighted the potential of graphene for
novel uses in photovoltaic applications [4], logic devices
[5,6], flexible electrodes [7], molecule detection [8], and
supercapacitors [9—12]. Understanding the charge transfer
to multilayers graphene (MLG) is important for the
realization of graphene-based devices, as it impacts the
effective sheet conductance [1] in flexible electrodes and
field-effect transistors or the storage in high-density super-
capacitor applications.

Different fabrication methods lead to graphene multi-
layers with distinct stacking sequences. Mechanical exfo-
liation of highly oriented graphite [1] gives graphitic Bernal
stacking. In contrast, growth from the C face of SiC [13,14]
or assembly of CVD layers [15] gives a turbostratic (TS)
structure with effective decoupling of the layers [16,17].
Despite the weak coupling, there is still significant inter-
layer conductance in TS graphene due to scattering
processes [18]. Thus, the stacking order results in different
electronic responses, such as those observed in Raman
spectroscopy [19,20] and photocurrent microscopy [21]
experiments. However, it is not clear how it affects the
charge distribution across the layers.

Here we investigate the charge-transfer doping and
interlayer screening in MLG systems using first-principles
calculations. Surprisingly, we find that the total charge
transfer to the graphene stack already reaches its maximum
value after only two layers. This supports the potential of
few-layer graphene as ultrathin electrodes. In addition, we
observe that the induced charge distributions in highly
oriented Bernal (AB) and TS MLG are similar despite their
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different dispersions near the Fermi level. For multilayers,
the treatment of these issues has generally been limited to
tight binding calculations for the AB stacking case [22] and
simple analytical models for the TS stacking [23,24]. Our
first-principles results provide a critical test of such models,
identifying their strengths and limitations.

The charge-transfer doping in MLG can arise in response
to a gate voltage or simply by charge transfer from an
adjacent metal due to work function and chemical
differences. In the present work, charge is induced by
placing MLG in contact with a metal surface, as shown in
Fig. 1(a). We choose magnesium (Mg) for the metal, as it
has a large work function difference with graphene.
Moreover, the metal in-plane lattice constant requires only
a small artificial strain (~1.4%) to be commensurate with
the rotated /7 x /7 graphene cell. This supercell is
sufficient to accommodate a simple model of TS graphene,
with a 21.8° rotation between adjacent graphene layers. We
fix in-plane and out-of-plane lattice constants of graphene
to their experimental values (ay =~ 2.46 A and cop=3.4 A,
respectively), and in order to facilitate the comparison of
the essential physics differentiating the AB and TS cases,
the system is not relaxed. By rigidly varying the distance
between the graphene and the metal (d,,,) we change the
amount of charge transfer between the metal and graphene
layers. The metal is represented by six Mg layers in the hcp
crystal structure; a vacuum space of approximately 12 A is
left between the periodic repetitions of the supercell. This
work is performed within the density functional theory
using the local density approximation [25] as implemented
in the Quantum ESPRESSO software package [26] and
includes dipole correction for slab geometries [27]. In the
calculations, cutoff energies of 75 and 300 Ry are
employed for the wave function and density, respectively.

We first compare the charge distribution in the metal-
graphene system for the AB and TS stacked multilayers.
We define the plane-average charge density profile
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FIG. 1 (color online). (a) Schematic of a metal-MLG (N = 6)
system. (b) Charge density profiles for the isolated metal (p,,)
(blue), isolated (N = 6) TS MLG (ps) (green), and metal-TS
system (p 1s) (red dasohed line) for dp, = 3.5 A. Vertical
dotted lines indicate 3.4-A-wide regions centered around each
graphene layer. (c)—(e) Induced charge density (Ap) [Eq. (1)] for
AB (blue dashed line) and TS (red line) MLG cases with N = 6,
3, and 2, respectively.
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where A is the area of the supercell parallel to the interface.
For simplicity, we, henceforth, refer to this as (p), leaving
the z dependence implicit. To make visible the charge
rearrangements, which are very small compared to the total
charge [Fig. 1(b)], we compute the total charge (p;,, ), but
also the charge of the metal alone (p,,) and the graphene
slab alone (pg). We define the charge transfer (Apg) as

(Apg) = (Pm+c) — (om) — (Pa)- )

We compare the results for (Ap, ) and (Aprg) with N = 6,
3, and 2 (Fig. 1). The charge transfer for N = 6 is nearly
identical in the two cases, despite their different band
structures [17]. The differences become more visible
(though still small) for thinner films.

Figure 2 shows the band structure along the ' - M —
K — T symmetry lines of a bilayer graphene on metal with
dpg = 3.5 A, in the two different stacking orders. Because
of the large size of the unit cell, multiple bands reside near
the Fermi level (E = 0). We isolate the contribution of
the graphene layers by computing the projections of the
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FIG. 2 (color online). Band structure (thin black lines) of
bilayer graphene separated by 3.5 A from a Mg surface:
(a) AB and (b) TS stacking order, respectively. Circles super-
posed on bands show the projected weight of these bands onto
carbon atomic orbitals of the first (blue) and second (red)
graphene layers.

different Bloch states onto the carbon atomic orbitals. The
area of the circles in Fig. 2 denotes the magnitude of the
total projection onto a given graphene layer, and the color
indicates whether the projection is onto atoms in the first
or the second layer. Consistent with the work function
difference (¢ > ¢w,) all the cases show n doping of the
graphene layers with most of the charge transferred to the
adjacent layer.

The dispersion near the Fermi level for bilayer graphene
is considerably different depending on the stacking order.
The AB-stacked case [Fig. 2(a)] shows the opening of a
band gap A~0.2 eV at the Dirac point (DP) as the
presence of the metal induces a nonzero electric field
between the layers [28-30]. In contrast, no significant gap
appears for the TS stacking [Fig. 2(b)] where the
band structure of the bilayer resembles that of individual
graphene layers [17,31] (i.e., preserving the linear
dispersion near the DP) shifted in energy due to the
unequal doping on each of the layers.

As the number of layers increases, the band structure of
MLGs [16,22,32] becomes more complex. As an example,
Fig. 3 shows the case for six-layer MLG in the AB and TS
stackings with d,, = 3.5 A. From the projection onto the
carbon atomic orbitals, in the AB stacking we observe two
effects of the interaction between layers: it disrupts the
linear dispersion near the DP, and it causes individual layers
to have significant weight in more than one of the bands.
This feature is more evident in the layers located far from
the metal where the weak (screened) electrostatic potential
leaves layers nearly degenerate in energy. In contrast, each
layer in the TS case still exhibits the linear band structure of
monolayer graphene due to the weak coupling between
them [17].
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FIG. 3 (color online). Band structure (thin grey lines) of N = 6 MLG located at 3.5 A from the metal surface for different stacking
orders: (a) AB and (b) TS. Superposed symbols in the subplots denote the weight of the projections of bands onto carbon orbitals of each
individual graphene layer (left, layer nearest to the metal; right, farthest layer).

To quantitatively analyze the doping in different layers,
we wish to determine the net charge on each layer with some
precision. For TS graphene, the net charge (doping) on the
layer can be estimated from the energy position of the DP
(Epp) for that layer relative to the Fermi level (Ef) as

1 (Epp— Efp\?
=+-(——), 3
q ﬂ( hoy ) 3

where 7 is Plank’s constant, vy is the graphene Fermi
velocity (vp ~ 1.1 x 108 cm/ sec), and the sign corresponds
to the sign of Epp — E. As an example, the inset of Fig. 4
shows those projections in the vicinity of the Fermi level for
the case previously depicted in Fig. 3(b). Each layer has a
prominent projection where the DP is located, as well as a
few less significant ones (denoted by smaller dots). This
small degree of mixing is somewhat exaggerated by our
model system, because to have a reasonable cell size requires
alternate layers to have the same orientation. In true TS
graphene, the layers are fully decoupled from their
neighbors.

Figure 4 shows the charge distribution on each of the six
layers computed using Eq. (2). To vary the total charge, we
consider distances dy,, from 3.0, 3.5, and 4.0 A.Fora given
dpg, the charge distribution g; is concentrated near the
metal. Beyond the second layer, the charge is very small
and stems from a small region of the Brillouin zone around
the K point, so convergence with increasingly fine k-point
mesh is extremely slow. In addition, convergence occurs
oscillating between a strong and weak screening depending
on whether the k-point grid contains or straddles the K
point (12 x 12 or 16 x 16 grids in Fig. 4, respectively) due
to the semimetal property of graphene. A more detailed
description on the k-point convergence [33,34] is provided
in the Supplemental Material [35].

Figure 4 also compares our first-principles results (solid
triangles) with those obtained using an analytical model
[23,24] (open symbols) in which the charge distribution in
the MLG is determined by minimizing the energy arising
from the contributions of electrostatic interaction between

-q. (1012cm'2)
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FIG. 4 (color online). Charge transfer to each of the six layers
for different distances d,, = 3.0 (blue), 3.5 (red), and 4.0 A
(green). Triangles show the results from first-principles calcu-
lations, with two different types of k-point meshes: one that
includes the K point (triangle up) and one that straddles it
(triangle down). In the former case, the charge in the last layer
actually reverses sign. For clarity, the different distances have
been plotted with a small horizontal shift to avoid superposition
of symbols, and a vertical dashed line is drawn between the first-
principles results for different £ samples. Open symbols show an
analytical model [24]. Inset: Projection onto layer orbitals for
states at the K point (dp,, = 3.5 A). Each dot denotes a state with
energy indicated along the vertical scale with projection onto
states in the ith layer (horizontal axis). The magnitude of the
projection is represented by the area of the dot.
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FIG. 5 (color online). (a) Total charge transfer (on logarithmic
scale) to MLG as a function of the number of graphene layers, for
values of dmg =3.0, 3.5, and 4.0 A. In each case, the maximum
charge transfer to the graphene slab occurs for two layers.
(b) Estimate of the charge transfer to monolayer (o), AB bilayer
(0), and TS bilayer (¢) as computed from the FC (open symbols)
and the DP position (solid symbols).

layers and the band filling of each of the layers. The model
has one parameter, the total charge (Qy = >_V | ¢;), which
we take from the first-principles results. In the model, we
use the same broadening [36] of 0.01 Ry used in the first-
principles calculations.

The resulting charge distribution using the analytical
model is in excellent agreement with the calculations. Far
from the metal, where the first-principles results depend on
the wave vector mesh, the model results are intermediate
between the two types of meshes, as expected.

The total charge and its dependence on the layer thick-
ness are important for graphene applications as ultrathin
electrodes. In Fig. 5(a), we show the total charge Q,
induced in the TS-stacked MLG systems as a function of
the number of layers for three different distances dyyg (3.0,
3.5, and 4.0 A). A peculiar feature is observed for a fixed
distance dy,,: excluding the special case of a monolayer, the
total charge decreases as the number of layers is increased.
This unusual and counterintuitive behavior stems from the
small induced charge in each additional graphene layer
that reduces the quantum capacitance of the layer [37,38],
thereby diminishing the overall quantum capacitance. The
results suggest that two graphene layers are optimal for
ultrathin electrodes.

Applying the analytical model to the present problem,
we find that the maximum charge transfer actually occurs
for a single layer, with the net charge decreasing mono-
tonically with the number of layers. This surprising result
reflects the dominant role of quantum capacitance. The
reduced charge for a monolayer in our first-principles
calculations stems from interactions between the metal
surface and the first graphene layer [39] which have been
omitted in analytical models.

These interactions are system specific, so the maximum
charge may occur for a monolayer in some cases. Previous
first-principles calculations for single-layer graphene phys-
isorbed on different metals [39] show that even the type of
doping (p or n) depends not only on the work function
difference between the metal and the graphene but also on
the distance between the graphene and the metal surface.
Only for sufficiently large distances does the doping
consistently correspond to that of the sign of work function
difference. Furthermore, even in cases where the first layer
is chemisorbed by the metal surface, subsequent layers
preserve the graphenelike dispersion [40] and, thus, are
expected to follow the same behavior.

Projections of Bloch states near the K point onto
localized orbitals in different layers can form well-defined
Fermi contours (FC) in systems where interlayer mixing is
weak (TS stacking), or simple systems like bilayer AB
[Fig. 2(a)]. In such cases, the surface area determined by the
FC offers an alternative to compute the charge transfer to
each layer. In Fig. 5(b), the charge transfer to monolayer
and bilayer graphene where stacking order results in more
prominent differences in the induced charges [Fig. 1(e)] is
estimated both from the surface area of the FC (solid
symbols) and the shift of the DP [41] (open symbols). The
results show similar trends for the total change transferred
as a function of the distance dy,,. The former approach
yields somewhat larger results than the latter one (except
for the AB bilayer at d,,, > 3.25 A). Such differences are
expected, as deviations from the conical dispersion emerge
when a large amount of charge is transferred. For a fixed
distance, TS bilayers show a larger transfer than mono-
layers. AB bilayers show similar values to monolayers
when using the FC method and similar to TS bilayers when
employing the DP shift.

In summary, we study the electrostatic doping of MLG in
contact with a metal surface using first-principles calcu-
lations. Our work shows that charge transfer is maximized
with only one or two graphene layers, highlighting the
potential of graphene as ultrathin electrodes. We find that
for many-layer graphene, the induced charge distributions
are nearly identical in Bernal and TS stacking, despite their
different dispersion near the Fermi level. Charge distribu-
tions observed for TS MLG capture the features of non-
linear screening and stress the importance of the
interactions with the surface missing in analytical models.
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