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Electrostatically designing materials opens a new avenue for realizing systems with userdefined electronic properties. Here, an approach is presented for efficiently patterning the
electronic structure of layered systems such as graphene by means of collective electrostatic
effects. Using density-functional theory simulations, it is found that lines of polar elements
can strongly modify the energy landscape of this prototypical 2D material. This results in a
confinement of electronic states in specific regions of the sample and, consequently, in a local
energetic shifting of the density of states. The latter is also directly reflected in the details in
the band-structure of the electrostatically patterned sample. Finally, it is shown that our
approach can be successfully applied also to other 2D materials such as hexagonal boron
nitride, where the effects are predicted to be even more pronounced than in graphene.
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1. Introduction
One of the most fascinating prospects of graphene is the possibility to use it as part of novel
electronic devices[1,2]. It is particularly suited for miniaturization purposes and for high
frequency applications[3–6], as it is atomically thin and has a very high electron mobility.
Moreover, these properties allow its application as electrode material in thin-film transistors
that are entirely composed of 2D materials[7–9]. For more complex applications involving
graphene it is highly desirable to modify its electronic properties in a controlled manner. For
example, with B[10,11] and N[12–15] atoms that are substituted into the graphene structure it is
possible to tune the position of the Fermi-level in graphene relative to the Dirac-cone in its
band

structure.

Furthermore,

chemical

modification

of

graphene

either

through

hydrogenation[16] or fluorination[17] also allows opening a larger band-gap, which is one
prerequisite for using it as the active material in logical devices[18]. Beyond modifying
graphene on a rather “macroscopic” scale, it is also desirable to tune its electronic structure
more locally, in particular confining electronic states spatially and controlling their energies.
This may eventually enable a local patterning of paths in which charge-carriers flow and
could, thus, enable the application of graphene in more complex electrical circuits. In this
contribution we propose a general strategy for achieving pronounced localization and
energetic control of the electronic states of graphene by means of collective electrostatic
effects.

These effects arise from the superposition of the fields of a large number of dipoles that are
arranged in an ordered fashion. Conceptually, one has to distinguish between 2D- and 1Dassemblies of dipoles. Specifically, a 2D-array of dipoles arranged in a plane with dipole
moments perpendicular to that plane causes a rigid shift of the electrostatic energies between
either sides of the assembly, as schematically shown in Figure 1a. Such 2D electrostatic
effects are highly relevant for understanding the electronic properties of organic/inorganic
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interfaces[19], in particular for self-assembled monolayers adsorbed on semiconductors[20] and
metals[21], and were recently suggested as means to realize organic monolayer quantum-wells
and cascades[22]. For modifying the properties of materials that are intrinsically 2D such as,
e.g., graphene, monolayers of hexagonal BN, or layered semiconductors, we here propose to
use 1D-lines of dipoles. For such a dipole line, the electrostatic potential is not constant left
and right of the dipole assembly, but rather falls off to zero according to a 1/distance law as
schematically shown in Figure 1b.

Figure 1. Change in the electrostatic energy of an electron generated by a two-dimensional
array and a one-dimensional line of point-dipoles. (a) A two-dimensional array of dipoles
(assembled in the yz-plane, at x=0, with the dipoles pointing in the x-direction) causes a step
in the electrostatic potential (in the z=0 plane). (b) A one-dimensional line of dipoles
(oriented along the y-direction, at y=0, z=0, with the dipoles pointing in the x-direction)
generates a change in the potential (in the z=0 plane) that drops to zero following a 1/r decay.
Note that the present example is chosen such that inter-dipole distances are negligible
compared to the depicted spatial dimensions.

2. General strategy, results, and discussion
2.1. Structures for achieving an electrostatic patterning in graphene
Here, for realizing 1D lines of dipoles in conjunction with graphene, we will rely on two
fundamentally different approaches: (i) an in-plane patterning of graphene by direct chemical
3

embedding of dipole lines, and (ii) an out-of-plane arrangement of dipole lines that can be
achieved either via assembling molecules with polar substituents on the graphene sheet or via
depositing/growing graphene on substrates containing suitably assembled polar elements. To
study the properties of modified graphene sheets, we performed density-functional theory
(DFT) based band-structure calculations on suitably chosen supercells (see Methods section
for full technical details).

An efficient strategy for localizing states in a certain spatial region without the need of cutting
graphene into nanoribbons is arranging two parallel lines of dipoles with opposite dipole
orientation at a not too large distance from each other. To investigate the conceptual prospects
of such an electrostatic confinement of electronic states through in-plane substitutional
dipoles, we rely on systems like the one depicted in Figure 2a. There, the most commonly
studied substitutional dopands of graphene, namely B and N atoms, are used to create two
lines of dipoles with opposite orientation in the graphene plane. Specifically, we chose a
symmetric system: graphene stripes with the 14 carbon atoms between the B sides of the
dipoles (i.e., in region I in Figure 2) and 14 C atoms between the N sides (i.e., in region II in
Figure 2). This results in the unit cell indicated in Figure 2 (additional data for varying
thicknesses of the stripes are contained in the Supporting Information, SI). The resulting
system is a convenient model for studying the fundamental effects associated with dipole
assemblies embedded into graphene[23]. Furthermore, it can serve as guideline for more
realistic out-of-plane dipolar structures embedding (vide infra), and has the potential to inspire
entirely novel patterning strategies given the tremendous progress that is currently made both
in chemically modifying and growing graphene[24,25] and related nanoribbons[26,27] in a
controlled bottom-up manner.
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Figure 2. (a) Schematic structure of a prototypical system for in-plane dipole lines by
oppositely oriented pairs of substitutional boron (B) and nitrogen (N) atoms in graphene. The
green rectangle depicts the unit cell. The plane is colored according to the change in
electrostatic energy of an electron when substituting the selected carbon atoms with B and N.
(b) Change in C1s core level energies for the carbon atoms depicted in (a) (blue circles; the
choice of the energy reference is explained in the Methodology section). The red line is a fit
using an electrostatic model (see SI for details).

2.2. Tuning the electrostatic energy
The DFT-calculated effect of dipole lines on the electrostatic energy of an electron in the
graphene plane is shown in Figure 2a. It is calculated as the difference of the electrostatic
energies of an electron between pristine and BN-substituted graphene (at the fixed geometry
of the latter). One can clearly see the lowering of the energy in region I (i.e., between the
positive (N) poles of the dipole lines) and a similarly pronounced increase between the
5

negative (B) poles. This trend is also visible in the associated energies of the C1s core levels
of the BN-substituted system (Figure 2b, blue circles) and the plane-averaged electrostatic
energy (see SI). Considering the localization of the core states, their relative energies provide
an efficient tool for mapping the local electrostatic energy. Consequently, they closely follow
the trend for the plane-averaged electrostatic energy as shown in the SI.

Only in the

immediate neighborhood of the heteroatoms the C1s core-levels certain deviations are found
as a consequence of chemical shifts (see SI). Two important conclusions can be drawn from
these data: First, the induced modification of the electron electrostatic energy due to the BN
dipoles is significant amounting to a decrease of 0.7 eV on average (not taking into account
the C-atoms directly bonded to a heteroatom) in region I and an essentially equivalent
increase in region II. Secondly, the shift decreases away from the dipoles.

Electrostatically, the effect can be modeled by summing up the fields of point dipoles located
at the position of the BN pairs and including an exponential term that accounts for the
screening of the potential by the nearly-free electrons in graphene. The excellent agreement of
the resulting fit with the actual core level energies (red line in Figure 2, see SI for details)
further underlines that the cause of the modified electron energies is electrostatic in nature and
not a consequence of the mere change of the local chemical environment by the B and N
substituents. The rapid decay of the electrostatic energy away from the BN-lines limits the
applicability of the presented patterning approach to comparably narrow graphene stripes with
a width of at the most a few nm (about 1.6 nm in the systems shown in Figure 2). Indeed,
when studying pairs of BN-lines separated by a large number of C atoms (128 for the example
shown in the SI reflecting the situation isolated BN-line pairs), the electrostatic energy quite
rapidly drops to that of pure graphene away from the substituents.

2.3. Localizing and energetically shifting electronic states
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The shift in the electrostatic energy also has important consequences for the electronic states
in the vicinity of the Fermi level (see Figure 3). The density of states (DOS, Figure 3a)
associated with the area between the dipole lines (region I) shows a shift towards lower
energies with respect to unmodified graphene. A shift in the opposite direction is observed for
region II. The shifts of the main features of the DOSs compared to pristine graphene amounts
to ±0.7 eV, which is in excellent agreement with the core-level shifts presented above,
confirming the electrostatic origin of the discussed effects.

The spatial distribution of the electron density associated with the relevant electronic states
can be examined by means of a map of the local density of states (LDOS, see Methods section
for details) in Figure 3b (for a 3D representation of that plot see TOC graphics). Clearly, the
states in regions I and II between the dipole lines are energetically shifted with respect to each
other: The unoccupied states close to the Fermi level are mainly localized inside region I.
Conversely, the DOS of occupied states in that region is comparably low. Pronounced
intensities of occupied states are found either close to the B-ends of the stripes, or localized
directly on the B-atoms (which is typical for B-doping of graphene[11,28]). This indicates that
the occupied and the unoccupied states around the Fermi level are indeed largely localized in
different regions of the system. In contrast to the situation often found in graphene
nanoribbons[29–31], these electronic levels are not spin-polarized edge states. We note that
impurities in the sample may lead to changes of the DOS and shifts of the Fermi-level, which
changes the screening and, hence, can couples to the electrostatic effects. Furthermore, we
also note that the electrostatic fields stemming from a gate electrode can also be used for
localizing and guiding electrons in graphene[32,33].
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Figure 3. (a) Density of states of pure graphene (dashed red line), and projection of the
density of states of a BN pair substituted graphene sheet onto the region between the two
dipole lines. The black line corresponds to the projection onto region I in (b) (with lowered
electrostatic energy) and the green line corresponds to region II (with increased electrostatic
energy). (b) Color-coded LDOS integrated over y, z, see methods section for details. The xpositions of the individual atoms are indicated as ticks at the top axis of the plot, where all the
ticks correspond to C-atoms apart from the explicitly marked BN pairs. The two regions
introduced in Figure 2 are marked here as I and II. Note that the occupied states are mainly
located between the B atoms and the unoccupied states between the N atoms.
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As graphene is a semimetal any confinement of occupied and unoccupied frontier-states to
certain spatial regions naturally cannot be complete[32]. Due to the absence of a band-gap there
will always be occupied as well as unoccupied states right above and below EF in all regions
of space, even if their densities vary significantly. An interesting aspect in this context is that,
as shown in Figure 3a, the DOS at EF increases significantly compared to pristine graphene
between the pairs of the BN-lines, both in region I and region II. The main reason for that is
that in pristine graphene the DOS directly at EF is minimal[34] and, consequently, any
energetic shifting of the states yields an increase of DOS(EF). In passing we mention that in
the present case changes in the shape of the band-structure also impact the DOS (vide infra).
The increase of DOS(EF) due to a local shifting of the energy levels implies that the
likelihood of finding charge carriers (electrons as well as holes) injected into BN-patterned
graphene sheet should be highest in the vicinity of the dipole lines.

An alternative view on the localization of individual states can be gained by investigating the
band structure of BN-modified graphene (see Figure 4a). In the hexagonal Brillouin zone of
pure graphene the Dirac cone with its linear dispersion relation around the Fermi level is
located at the K-point[34]. For the rectangular unit-cell studied here this feature appears
between the Γ and the Y point[35] (c.f., band-structure of unmodified graphene plotted as black
line in Figure 4a). In the following, this k-point will be denoted as ‘K’. When introducing
opposing lines of BN groups, the linear dispersion around EF is lost and the bands adopt a
more parabolic shape, reminiscent to what is observed for bilayer graphene[36–38]. In the
present system this can be associated with viewing the band-structure of BN-modified
graphene as a superposition of energetically shifted graphene band structures, as discussed
below.
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Figure 4. (a) Kohn-Sham band structure of graphene in a rectangular unit cell (black lines)
and graphene modified by opposing lines of BN pairs (colored points). The X-direction in the
rectangular first Brillouin zone corresponds to the direction perpendicular to the dipole lines
(parallel to the dipole moments), the Y-direction is the direction along the dipole lines; the Kpoint of the hexagonal Brillouin zone is now found between Γ and Y and denoted by ‘K’. Each
state is color-coded according to its weight in region I between the BN-lines. Dark-red
shading means complete localization in region I, dark-blue shading corresponds to no weight
of the states in that region. For (nearly) degenerate bands, the two values are averaged,
which leads to “blurred” values at the points where bands are crossing. The band marked by
σ has predominantly sigma character and the states are localized largely on the B and N
atoms (see correspondingly color-coded band structure in the SI). (b-e) Isosurface plots of the
electron density (isovalue 0.01 electron/Å3) for the states marked accordingly in the band
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structure (a). Region I is centered in these plots. Similar plots for other states can be found in
the SI.

To identify the localization of each state in the band-structure, each plotted point is color
coded according to the extent to which the corresponding state is localized either in region I
between the BN-lines (see Figure 4a), in region II, or directly on the B and N atoms (for the
latter two plots see SI). Again, one clearly sees that the unoccupied states near the Fermi level
are mostly localized in region I, the unoccupied states are localized in region II (see
corresponding plot in the SI). The -band indicated in Figure 4a is localized on the B and N
atoms. For two selected states near the Fermi level, iso-density plots are shown in Figures 4c
and d fully confirming the localization of the states. The inclusion of dipolar lines into
graphene indeed allows localizing individual Bloch-states in different areas of the unit cell.

Interestingly, the degree of localization of the electronic states not only changes from band to
band but also within a band as a function of the k-vector. For example, the electron density of
the frontier band containing the states displayed in Figure 4c, d and e changes localization
when cutting through the Fermi-energy. Such a change of localization, albeit in the opposite
direction, is also observed for the second frontier band of -character. Notably, the states
directly at EF remain essentially delocalized (cf., state in Figure 4d) and the largest degree of
localization is found between ‘K’ and Y.

Another interesting aspect of the band-structure of BN-modified graphene is that the majority
of its features can be at least qualitatively reproduced by a superposition of an artificially
upwards- and a downwards-shifted graphene band-structure, as shown in Figure 5.
Comparing Figure 4a and 5 one sees that the features associated with the upwards-shifted
band-structure are localized in region II and the downward-shifted features in region I,
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supporting the notion that the observed modifications of the band-structure are primarily
electrostatic in nature. The only qualitative deviations between the band structure of the BN
substituted system and the superposition of the shifted graphene band structures occur (i) for
the -band (which is localized on the B and N atoms), (ii) in the region, where the bands of
the combined system cross EF and (iii) between the Γ and X points. (ii) is associated with the
fact that the states immediately at EF are delocalized over the whole unit cell (see Figure 4d).
The only weakly dispersing bands in the -X direction in BN-substituted graphene are a
direct consequence of the localization of the states (preventing efficient coupling between
neighboring unit cells).

Figure 5. Band structure of BN-modified graphene (black circles) together with the band
structure of pure graphene in a rectangular unit cell, shifted up and down in energy by 0.85 eV
(red and cyan points).
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2.4. Electrostatic patterning via the adsorption of polar molecules
The compound with in-plane substitutions discussed so far serves as an ideal proof-ofprinciple system to demonstrate the conceptual consequences of dipole patterning of graphene.
Out-of-plane approaches, however, appear more feasible experimentally. As an example for
such an out-of plane electrostatic patterning, we studied the modification of graphene by
regular adsorption of dicyano-substituted diphenylacetylene molecules as shown in Figure 6a.
Note that the cyano end-groups create oppositely oriented lines of local dipoles in the spirit of
the BN dipoles discussed above.

Analogous to the dipole lines in BN-substituted graphene, the adsorbed line of (quadrupolar)
molecules locally changes the electrostatic potential within the graphene sheet (see Figure 6a).
This also results in a shift of the energy of the individual states, which becomes apparent in
the shift of the projected DOS curves plotted in Figure 6b. The energies of the electronic
states in the graphene strip underneath the molecules and, thus, between the dipole lines (in
region I) are lowered; the ones of states further away from the molecule (in region II)
increased. The effect is, however, comparably small with the shift between the regions I and
II amounting to ~0.2 eV. This can be explained (i) by a reduced dipole density and (ii) the
lateral distance of the dipoles from the graphene sheet and the associated drop of the electric
field. This distance corresponds to the adsorption height of the molecules, which was
calculated to be 3.34 Å. The influence of charge transfer plays a minor role for this effect (as
the net charge transfer between graphene and the adsorbate amounts to ~0.05 electrons per
adsorbate molecule, see SI) and again the shift of the states due to a change of the electrostatic
energy as a result of the superposition of the dipole fields dominates.
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Figure 6. (a) Structure of a dicyano-substituted diphenylacetylene molecule adsorbed on
graphene (mean adsorption height 3.34Å). The unit cell is shown as a green rectangle and
divided into three regions I, II and III. The change of electrostatic energy of an electron in the
graphene plane upon adsorption of the molecule is shown as well. (b) Density of states
projected onto the atoms in the regions I (black line), II (green line) and III (red line) of the
graphene sheet in this system. (c) Density of states of hexagonal boron nitride (hBN) in the
same geometry as graphene with an adsorbed dicyano-substituted diphenylacetylene molecule.
The DOS is projected onto the atoms in the three regions of the hBN sheet. The energy is
given relative to the valence band edge EV. Note that the energy axes of plots (b) and (c) are
on the same scale.
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2.5. Expanding the electrostatic patterning concept to hexagonal boron nitride
The above results imply that for 2D materials with smaller dielectric constants that less
efficiently screen the field of the dipoles, a stronger effect is to be expected. Indeed, the shift
of the band-edges in hexagonal boron nitride (hBN) upon adsorbing the dicyano-substituted
diphenylacetylenes is much larger (~0.6 eV, as shown in Figure 6c). This renders the out of
plane patterning approach particularly promising for less polarizable systems such as layered
semiconductors.

Figure 7. Electrostatic energy of an electron determined via the core-level shifts of the 1s
electrons in graphene (blue circles) and hBN (red circles) due to the adsorption of the
15

quadrupolar molecules shown in the insets (only core levels for atoms at y=0 are shown). The
horizontal black bars represent the size and position of the molecules (not taking into account
H-atoms).

The magnitude and direction of the shift in the electrostatic energy is crucially impacted by
the magnitude and direction of the dipole moment of the end groups (i.e., the quadrupole
moment of the whole molecule), as shown in Figure 7. There, the impact of the molecule
already presented in Figure 6 is compared to two pyrimidine-terminated systems. An
interesting aspect of the latter molecules is that, by changing the position of the N atoms in
the outer rings, the local dipole moments can be reversed[39]. Consequently, the electrostatic
energy below the molecule is raised for a molecule with outward-pointing dipole moments
(Figure 7c), as opposed to the lowering of the electrostatic energy observed for molecules
with inward-pointing dipoles (Figure 7a and b). Consistent with the findings of Figure 6, the
effect of adsorbed molecules on hBN is more than twice as high as on graphene due to the
reduced screening in hBN.

Finally, we would like to comment on strategies for an experimental implementation of our
findings: One can envision to realize polar patterns in practice via a self-assembly of
molecules bearing polar substituents, whose arrangement is stabilized through hydrogen
bonds or direct chemical links[40,41]. Alternatively, a bottom-up synthesis[10–14] of nanoribbons
bearing polar peripheral substituents to be deposited onto the graphene is also conceivable.
Also a top-down patterning of a substrate followed by the (self)assembly of polar molecules
and a subsequent deposition of a graphene sheet is appears as an interesting possibility.
Indeed, our initial attempts leave significant room for improvements towards an optimized out
of plane electrostatic patterning involving an ideal combination of dipole density, chemical
stability, and dielectric screening in the 2D material.
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3. Conclusions and outlook
In summary, an approach for efficiently tuning the electronic structure of layered systems by
exploiting collective electrostatic effects is developed using DFT calculations. We show that
the regular 1D assembly of polar units within or above the plane of graphene (as a
prototypical 2D system) results in a localization of the electronic states in specific spatial
regions. Concomitant with that, a shift of the energetic positions of the localized states
relative to the Fermi-level is observed (visible both in the density of states as well as in the
band structure). The purely electrostatic origin of this state localization and energetic tuning
implies that the suggested strategy offers a quite general way for controlling the electronic
properties of 2D materials. This assessment is supported by calculations on electrostatically
patterned hexagonal boron nitride.

Considering that in practice the necessary assemblies of polar elements can be achieved
exploiting the wide range of molecular self-assembly processes, one can envision also a much
more complex “shaping” of electronic states in 2D materials compared to the relatively
straightforward confinement in linear structures presented here. Deviating from highly
symmetric arrangements of dipoles could well lead to interesting new effects triggered, for
example, by local variations of the electric fields at the corners of kinked polar lines occurring
on top of the collective effects discussed here. Beyond that, it will be interesting to study, how
the above described effects work out in multilayer systems including van der Waals bonded
homo- and heterostructures and multilayer graphene.

4. Methods
The simulations were carried out applying density functional theory using the Vienna AbInitio Simulation Package (VASP)[42–45] 5.3.3 and the PBE[46,47] functional. Soft PAW[48,49]
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pseudopotentials and a plane-wave cutoff energy of 279.692 eV were employed. The
Brillouin zone was sampled with a Gamma-centered Monkhost-Pack[50] k-point grid, which
was checked for numerical convergence for a simple graphene unit cell (converged grid:
21x21x1) and then scaled down according to the supercell size (6x21x1 for the BNsubstituted graphene systems investigated here, 1x21x1 for the systems with adsorbed
molecules). The Gaussian smearing occupation scheme with SIGMA=0.01 eV (this
corresponds to a standard deviation of 0.01/√2 eV) was used. The density of states was then
calculated using a Gaussian broadening with a standard deviation of 0.3/√2 eV.

Core level shifts were calculated in the initial state approximation,[51] as implemented in
VASP[52]. This is useful, as the core-level energies are used here to map trends in the
electrostatic energy rather than to quantitatively predict x-ray core level spectra. For the latter,
approaches including core-hole screening effects would potentially be necessary, which may,
however, obscure the purely electrostatic shifts we are interested in here. Note that the energy
reference for the C1s core levels in Figure 2b was determined by averaging over the C1s core
levels of the four C-atoms furthest away from, and thus least affected by, the dipole lines.
Changes in the electrostatic energy upon introducing dipolar elements are calculated by
subtracting the electrostatic energy of a single graphene sheet from the electrostatic energy of
the total system including the elements, both aligned relative to the vacuum level below the
sheet.

The local density of states (LDOS) shown in Figure 3b is defined as the electron density
corresponding to specific energy intervals (with energy resolution 0.1 eV). The LDOS is a
function that thus depends both on the spatial position and on the energy. Integrating it along
the y- and z-axis, one obtains the quantity shown in Figure 3b. This quantity is a measure for
the DOS, both as a function of energy and of the spatial position in the direction perpendicular
18

to the dipolar lines. To obtain the color-coded information shown in Figure 4a, the k-resolved
band-projected charge density was calculated for each state in the band structure and then
integrated spatially in region. The iso-electrondensity plots in Figure 4b to e were created
using XCrysDen[53]; for obtaining the other figures the Python libraries Numpy[54] and
Matplotlib[55] were used.

For simulating 2D-periodic systems in a 3D-periodic code, the slab approach with a vacuum
gap of 20Å was used (this value is sufficient for avoiding stray-fields from periodic replicas
of graphene as shown in the SI). The geometries of the individual systems were optimized
using the GADGET tool[56] until the remaining forces on the ions were smaller than 0.01
eV/Å. For systems that included adsorbed molecules, the graphene geometry was held fixed
and only the atoms belonging to the molecule were allowed to move. For these calculations,
van der Waals forces play an important role and, therefore, were taken into account in our
calculations using the pair-wise vdW-TS[57] scheme. The particular choice of the starting
geometry does impact the final structure of the molecules adsorbed on graphene, but that does
not have a significant impact on the observed effects, as shown in the SI. Also note that when
determining the electronic structure of the studied systems, the positions of the nuclei have
been fixed; i.e., bearing in mind also the very small smearing used for the occupation of the
electronic states, a quasi-static low-temperature situation is modelled. This neglects disorder
induced by thermal motion, but as long as the thermal fluctuations do not destroy the
arrangement of the molecules used when patterning via adsorption of polar molecules, this
will have no qualitative impact on the results discussed here.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Collective electrostatic effects stemming from dipole lines are shown to locally manipulate
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TOC graphics: Spatially resolved density of states of graphene modified by BN-double-lines
(for their position along the x-axis, see the unit cell plot at the bottom). These are the same
data as in Figure 3, with the local density of states (LDOS) plotted along a third axis to be
able to see the relative height of the peaks. The energy axis goes from -5 to 4 eV around the
Fermi level, which is marked by a red horizontal line.
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