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s conventional silicon-based semi-

conductor technology approaches

its fabrication and operation limits,
the demand for new materials and devices
becomes increasingly pressing.! Graphene,
owing to its simplicity and remarkable elec-
tronic transport properties, has recently
emerged as a promising candidate material
for future post-silicon electronics.? Its unu-
sual linear energy dispersion gives rise to
giant charge carrier mobility and a Dirac-like
transport behavior, thereby enabling both
fundamental studies of relativistic quan-
tum phenomena and new device applica-
tions.3~> Notable exotic relativistic quan-
tum phenomena, such as Klein tunneling,®”
Veselago lensing,® and guided plasmons,’
have been theoretically predicted in gra-
phene p—n junctions. More recently, it has
also been predicted that a graphene p—n
superlattice structure can lead to a number
of fascinating new phenomena, including
electron-beam supercollimation,'® aniso-
tropic transmission,’" creation of additional
Dirac cones,'*" and effective magnetic
fields."* However, the creation of well-
ordered and atomically sharp p—n junctions
or superlattices remains practically challen-
ging—though some prototype graphene
p—n junctions have been experimentally
demonstrated via local gating with costly
and time-consuming e-beam lithographic
techniques,’® '8 spatially selective chemi-
cal doping,'® or electrostatic modification of
the gate insulator surface.?’ Recent theore-
tical studies on the interaction between
graphene and a series of metals indicate
that metal-induced changes to the electro-
static potential in the graphene layer can
result in net n- or p-type doping, depending
on the work function of the metal sur-
face.*'*? Experimentally, epitaxial growth of
high-quality graphene has been successfully
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ABSTRACT On the basis of first-principles calculations within density functional theory, we
report on a novel scheme to create graphene p—n superlattices on Pb wedged islands with quantum
stability. Pb(111) wedged islands grown on vicinal Si(111) extend over several Si steps, forming a
wedged structure with atomically flat tops. The monolayer thickness variation due to the underlying
substrate steps is a sizable fraction of the total thickness of the wedged islands and gives rise to a
bilayer oscillation in the work function of Pb(111) due to quantum size effects. Here, we
demonstrate that when a graphene sheet is placed on the surface of such a Pb wedged island,
the spatial work function oscillation on the Pb wedged island surface caused by the underlying steps
results in an oscillatory shift in the graphene Dirac point with respect to the Fermi level.
Furthermore, by applying an external electric field of ~0.5 V/A in the surface normal direction, the
Fermi level of the system can be globally tuned to an appropriate position such that the whole
graphene layer becomes a graphene p—n superlattice of seamless junctions, with potentially exotic
physical properties and intriguing applications in nanoelectronics.

KEYWORDS: graphene p—n superlattice - quantum size effects - graphene/metal
contact

demonstrated on a variety of metal sub-
strates, which may serve as a rational synth-
esis route for producing macroscopic single-
crystalline graphene.®3°

In this paper, we report on a novel
scheme to create graphene p—n superlat-
tices on Pb wedged islands by taking ad-
vantage of the spatial oscillations in the
surface work function. The Pb wedged is-
lands, schematically illustrated in Figure 1a,
can be grown on Si(111) vicinal substrates at
room temperature.®' These islands have an
atomically flat top oriented in the [111]
direction driven by surface energy minimi-

zation,>**3 but their bottom extends later-
* Address correspondence to

ally over several atomic steps on the Si
vicinal substrate. Thus each Pb wedged
island contains striped regions consecu-
tively increasing in thickness, and more
importantly, the width of the stripes is solely
determined by the experimentally tunable
terrace width of the underlying Si vicinal
substrate. Such wedged islands provide an
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ideal platform for studying the influence of quantum the unique matching between the bulk Pb Fermi wave-
size effects on the physical and chemical properties  length and the Pb(111) interlayer lattice spacing.®®~*'
of the materials adsorbed on top of the quantum Here, we use first-principles calculations within density
wedge.>*37 Previous first-principles calculations and functional theory to demonstrate that, when a single
scanning tunneling spectroscopy (STS) measurements layer of graphene is placed on the surface of such a Pb
have shown that Pb(111) films exhibit a bilayer work wedged island, the spatial oscillations in the surface
function oscillation (see Figure 1b), which arises from work function will induce a corresponding oscillation
in the position of the graphene Dirac point relative to
the Fermi level of the system. Furthermore, by applying
an external electric field of 0.5 V/A perpendicular to the
surface the graphene Fermi level can be globally tuned
to an appropriate position, such that the whole gra-
phene layer becomes a well-defined graphene p—n
superlattice with seamless junctions.

RESULTS AND DISCUSSION

We begin this study by searching for the stable
adsorption geometries of graphene on Pb(111) films.
To this end, a number of possible configurations
have been considered in our study. Images a and b of
Figure 2 show the two most stable structures, which
are nearly degenerate in energy. Their relative stability
depends on the Pb film thickness, but their total energy

G

5
Pb film thickness (ML) difference is less than 0.02 eV for all cases studied. Even
with the most stable structures, graphene is weakly
Figure 1. (a) Schematic illustration of a Pb wedged island adsorbed (physisorbed) on the Pb(111) films; the cal-

grown on a Si(111) vicinal substrate. (b) Work function of R )
Pb(111) films calculated within density functional theory as culated binding energies are around 0.026 eV per
a function of the film thickness. carbon atom, and the average equilibrium separation

Graphene on a 4-ML Pb film
(a) Structure A (b) Structure B (c) Graphene (d) 4-ML Pb film

Energy (eV)

r K r K

Figure 2. Atomic structures and calculated band structures of the two most stable configurations of graphene on 4-ML
Pb(111) films (a,b), a single layer of graphene (c), and a 4-ML Pb(111) film (d). Red and blue balls represent C and Pb atoms,
respectively. The Fermi levels are set to zero in the band structure plots, as denoted by blue dashed lines. In the graphene/Pb
combined systems (a,b), the graphene band structure is highlighted via transparent red curves, and red short bars attached to
the energy axis indicate the positions of the graphene Dirac point.
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Figure 3. Band structure of graphene on 4- to 8-ML Pb(111) films (a—e). The Fermi levels are set to zero in the band structure
plots, as denoted by blue dashed lines. (f) Positions of the graphene Dirac point with respect to the Fermi level as a function of
the thickness of the underlying 4- to 8-ML Pb films. (g) Correlation between the position of the Dirac point and the work

function of the Pb films.

between graphene and the Pb(111) surface is around
3.6 A for all film thicknesses.?'*2

To identify changes in the electronic structure of
graphene occurring upon Pb(111) adsorption, we have
calculated the band structure of graphene atop a 4-ML
Pb(111) film at both of the stable adsorption geome-
tries (as illustrated in Figure 2a,b). The energy bands
arising from graphene can be identified in the com-
bined system by comparing the band structure of free-
standing graphene (see Figure 2¢) with that of an iso-
lated 4-ML Pb(111) film (see Figure 2d). Since a 3 x 3
graphene unit cell is used in the calculations, the 1 x 1
unit cell K points in reciprocal space are folded onto
the I point. The absorbed graphene band splitting at
the I point results from the periodic substrate-induced
corrugation, which introduces electronic coupling be-
tween the two distinct Dirac cone valleys of flat gra-
phene. Nevertheless, the Dirac cone of graphene is
largely preserved because flat strained graphene ad-
sorbed on Pb(111) films and the two relaxed minimum
structures give nearly identical shifts in the graphene
Dirac point with respect to the Fermi level of the
system. Similar calculations have also been carried
out for 5-8 ML Pb(111) films. Figure 3a—e shows the
band structure of graphene atop 4—8 ML Pb films, res-
pectively. Since the two stable adsorption geometries
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have nearly identical band structures, only the plots for
the structure A (see Figure 2a) are presented in Figure 3
for comparison. In Figure 3f, the position of the gra-
phene Dirac point is plotted as a function of the
Pb(111) substrate film thickness, and a clear bilayer
oscillation in the Dirac point is evident (due to the work
function oscillation in the underlying Pb films). A linear
relationship between the position of the graphene
Dirac point and the work function of the Pb films is
revealed in Figure 3g. However, the graphene Dirac
point lies below the Fermi level at all film thicknesses,
and electrons are donated from the Pb films to gra-
phene, making graphene n-type doped. This can be
attributed to the relatively small work function of
Pb(111) (~4 eV). Previous calculations indicate that
the crossover from n-type to p-type doping occurs for a
metal work function of ~5.4 eV.2'22

To achieve a graphene p—n superlattice, the Fermi
level of graphene needs to be shifted downward. One
possible way to achieve this is through an external
electric field applied perpendicular to the surface, as
schematically illustrated in Figure 4a, such that some
screening electrons on graphene are forced back into
the Pb substrate and consequently shift the graphene
Fermilevel downward. To quantitatively determine the
critical magnitude of the electric field required to form
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Figure 4. (a) Schematic illustration of a graphene p—n superlattice formed on a Pb wedged island with an external electric
field applied in the surface normal direction. (b,c) Evolution of the graphene Dirac point position plotted as a function of the
electric field (b) and the Pb film thickness (c). The Fermi level is set to zero in all plots and denoted by green dashed lines.

a graphene p—n superlattice on a Pb wedged island,
we have included an electric field in the surface normal
direction ranging from 0.1 to 0.8 V/A in our first-
principles calculations. The results for film thicknesses
from 4 to 8 MLs, presented in Figure 4b, indicate that
the Dirac point position is elevated approximately
linearly with respect to the external electric field mag-
nitude. To better illustrate the evolution of the Dirac
point shifts and to identify the critical magnitude of the
electric field required to achieve a graphene p—n
superlattice, the same set of data is plotted as a func-
tion of the Pb film thickness at different electric fields
(see Figure 4c). From this plot, it is evident that the
graphene Dirac points (for all film thickness) are simul-
taneously pushed upward by the applied field and that
a critical electric field of around 0.5 V/A is required to
form a graphene p—n superlattice on a Pb wedged
island, which is comparable to the field strength app-
lied to open a band gap in bilayer graphene as recently
demonstrated experimentally.*?

It should be noted that instead of modeling a Pb
wedged island we used flat Pb films of different thick-
nesses and performed the calculations separately. On a
real Pb wedged island, it is expected that some charges
will accumulate at the interfaces between the Pb stripe
regions with different work functions. Such interface
charge accumulation will create a local electric field at
the interface and thereby balance the Fermi level differ-
ence between two adjacent regions. However, at a
particular small region, the shift of the graphene Dirac
point relative to the local Fermi level is solely determined
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by the local work function of the Pb surface and the
uniform external electric field. Therefore, given the short
screening length of Pb as a metal (~0.75 nm as shown in
Figure 5a), as evident from the experimental STS work
function measurements,***' the interface charge accu-
mulation is not expected to invalidate our proposed
scheme of creating graphene p—n superlattices on Pb
wedged islands, as long as the width of each Pb stripe
region is approximately three times greater than the
screening length of Pb to ensure well-defined p—n
regions.***!

The correlation between the graphene Fermi level
position and the external electric field magnitude can
be understood using a phenomenological parallel plate
capacitor model, such as that given in refs 21 and 22.
There, the work function difference between graphene
and the substrate is balanced by (1) the classical capaci-
tance of the capacitor (i.e., the potential difference deve-
loped due to charge redistribution between two plates)
plus the charging energy of each plate, and (2) the
quantum capacitance of graphene (ie., the Fermi level
shift relative to the Dirac point). In refs 21 and 22, the
authors take the charge redistribution in (1) equal to the
amount calculated by integrating the graphene density
of states in the range swept by the Fermi level. However,
in the following, we point out that this parallel plate
picture is not entirely accurate when graphene and the
substrate are in direct contact, such that the overlap
between the “spilled-out” charge is non-negligible.

To clearly visualize the charge redistribution upon
application of an external electric field, we plot the
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Figure 5. (a) Electron screening charge for a graphene layer
placed on a 7-ML Pb(111) film. The screening charge density
is integrated in the plane parallel to the Pb(111) film and
plotted in the perpendicular direction. Red and blue balls
indicate the positions of C and Pb layers, respectively. (b)
Amount of charge transferred out of the graphene versus
the position of the Dirac point. Blue squares (AQg) are the
total screening charge density integrated in real space from
the zero point halfway between graphene and the Pb film
into the vacuum. Yellow dots (AQg) are the amount of
charge transfer estimated from integrating the graphene
DOS in the range swept by the Fermi level. Green diamonds
(AQs) are the summed screen charges of isolated graphene
and the isolated Pb film (integrated in the same manner
as AQg).

plane-integrated electron density screening charge of
graphene on a 7-ML Pb film in Figure 5a at various
electric field intensities. As expected, the applied elec-
tric field pushes electrons from graphene to Pb, and
this screening charge transfer increases with the ap-
plied electric field magnitude. We then integrate
screening charge in Figure 5a from the zero point
halfway between graphene and Pb to the vacuum
above graphene where the screening charge density
vanishes. This amount of charge AQg (R for real space)
is physically “on” the plate of graphene and is analo-
gous to the charge redistribution between two parallel
plates in a classical capacitor. For comparison, we also
calculated AQg (E for energy space) by integrating
the graphene density of states in the range swept
by the Fermi level (upon applying an external field).
The results are depicted in Figure 5b, and one can
see that AQE significantly underestimates the charge
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redistribution in the real space. This is because AQg
does not take into account the tail of the spilled-out
charge from Pb, which extends over the gap region
between graphene and Pb and contributes to screen-
ing the external field inside the gap. To better support
our statement, we separately calculated the screening
charge redistribution of both graphene and the 7-ML
Pb film in isolation (with their respective geometries
fixed). We then properly combine the two isolated
screening charge densities and perform integration
in the same spatial range as we did for AQg. Within the
graphene—Pb gap, this charge counting scheme
is analogous to a phenomenological WKB model.
The resulting AQs quantity (S for spilled-out charge
correction) is also shown in Figure 5b and agrees well
with AQg.

As a final remark, we would like to point out that the
proposed graphene p—n superlattice mechanism re-
lies on the spatial oscillation of the surface work func-
tion of metallic Pb wedged islands. Hence with respect
to graphene transport measurements, such metallic
islands can form an electrical short and are therefore
only appropriate for ballistic conduction measure-
ments when the islands are not connected to the
electron source or drain injecting electrons/holes into
graphene. The absence of Pb electronic states at the
graphene Dirac point and the weakness of the graphene—
Pb physisobtion interaction provide minimal elec-
tronic coupling between conducting graphene elec-
trons and Pb (see Figures 2 and 3).** Therefore, the
probability of electrons injected directly into graphene
(and not into Pb) subsequently scattering into an iso-
lated Pb(111) donor/acceptor substrate can be made
negligible at sufficiently low temperatures (where in-
elastic scattering into Pb is minimized) and at distances
less than a mean free path.** Additionally, we propose
that this superlattice structure might possibly be pre-
served through delicate chemical modifications. Pre-
vious experimental studies have demonstrated that
the surfaces of Pb(111) wedged islands exhibit spatial
oscillatory chemical reactivity®>> and adsorbate bind-
ing,*” due to the same quantum size effects high-
lighted in this work. Similar tunable chemical behavior
may also exist on the surface of a graphene p—n
superlattice when it is placed atop a Pb wedged island.
Once such a graphene layer is chemically modified, via
selective reactions or adsorbate bindings within the
oscillatorily doped regions, the superlattice structure
might then be preserved even after it is lifted from the
Pb wedged island for further chemical modifications to
create other types of graphene-based superlattices, as
a new way of achieving graphene band engineering.
This strategy is similar to a recent proposal to create
hydrogenated graphene superlattices via selective H
adsorption on strain-engineered nanoripples.** The
validity of this speculation requires further extensive
studies to confirm.
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CONCLUSIONS

In summary, we have demonstrated a novel scheme
to create atomically sharp graphene p—n superlattices
on Pb quantum wedged islands induced by an external
electric field. To achieve such a graphene p—n super-
lattice, a critical external electric field of ~0.5 V/A has
been estimated based on first-principles density func-
tional theory calculations. The relationship between
the graphene Fermi level position and the external

METHODS

Our first-principles density functional theory calculations
were carried out using the VASP code,*® with the projector
augmented wave (PAW) method applied to describe the
electron—ion interactions.*”**® The local density approximation
(LDA)*® was used to approximate electron exchange and
correlation, as it provides a much better description of the
graphene—metal binding energy and equilibrium separation
than the generalized gradient approximation (GGA).>> The
plane-wave kinetic energy cutoff was set at 400 eV. The lattice
constants of bulk Pb and graphene determined with these
computational approximations are 4.879 and 2.446 A, respec-
tively, which are in good agreement with the experimental
values of 4.95 and 2.46 A. The Pb films were modeled by
periodic slabs consisting of 4—8 monolayers (MLs), separated
by a vacuum region of 18 A. To match graphene on the Pb films,
we constructed a 2 x 2 Pb(111) surface cell and placed a 3 x 3
graphene layer on top, resulting in a mismatch of around 6%.
We set the in-plane lattice constant of Pb(111) at its optimized
LDA value and adapted the lattice of graphene accordingly. In
optimizing the geometry, the bottom monolayer Pb atoms
were fixed at their bulk positions, and all other atoms were
allowed to relax until the forces on all the unconstrained atoms
were smaller in magnitude than 0.01 eV/A. To include the effect
of an external electric field, an artificial dipole layer was placed
in the middle of the vacuum region far away from either side of
the slab.>%"
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