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ABSTRACT: We use off-axis electron holography to measure the electrostatic
charge density distributions on graphene-based nanogap devices that have
thicknesses of between 1 and 10 monolayers and separations of between 8 and 58
nm with a precision of better than a single unit charge. Our experimental
measurements, which are compared with finite element simulations, show that
wider graphene tips, which have thicknesses of a single monolayer at their ends,
exhibit charge accumulation along their edges. The results are relevant for both
fundamental research on graphene electrostatics and applications of graphene

nanogaps to single nucleotide detection in DNA sequencing, single molecule

electronics, plasmonic antennae, and cold field emission sources.
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G raphene nanogap devices that take the form of two
graphene electrodes separated by a gap can be used as
nanocapacitors, which can be tuned by varying the size of the gap
and the dielectric material between the electrodes. The recent
fabrication of graphene supercapacitors' demonstrates the
promise of such devices for both the electronics industry and
energy storage applications. Another potential application of
graphene nanogaps is in DNA sequencing,” which involves
passing DNA through two electrodes that have a gap of at most 2
nm between them, thereby modulating the tunnelling current.
Graphene is currently the best candidate material for this
application because of its single-atomic-layer thickness, which
allows for single nucleotide detection. In molecular electronics,
graphene nanogaps have been used successfully to contact single
molecules,” replacing traditional Au electrodes. The primary
advantages of graphene over Au are its higher melting point
(which allows the use of higher currents without electro-
migration) and the reduced screening of electric fields (which
allows external gating to be used). It has also been proposed to
replace Au by graphene in dipole antennae for applications as
plasmonic (optical) tweezers.” Here, the advantages of graphene
over Au are its ability to sustain surface plasmons with very low
losses in the infrared and terahertz regimes and to enhance
electric fields in confined spaces, thereby reducing the laser
power needed to trap subwavelength particles. Finally, if a very
high electric field is applied across a graphene nanogap in a high
vacuum environment, then cold field emission may occur, which
is of interest (alongside C nanotubes and nanocones) for future
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high brightness and highly stable electron sources for electron
microscopes.

In each of these applications, the electric field in the nanogap
and the charge density distribution on the graphene electrodes
play a fundamental role in the operation of the device. The
charge density distributions on large graphene flakes have
previously been investigated using scanning tunneling micros-
copy (STM),”™” scanning single electron transistor microscopy
(SETSE),Io and scanning gate microscopy (SGM) ,'!in order to
visualize the formation of elecron-hole puddles near the charge
neutrality point (which is achieved at the Dirac point when an
equal number of electrons and holes are present in the graphene
sheet). STM has also been used to map the electrostatic
confinement of Dirac Fermions (electron- and hole- like
quasiparticles) in graphene quantum dots.'> Although STM
measurements provide subnanometer spatial resolution and can
be used to detect charge density variations as small as 1 X 107 e-
cm™?, they require an ultrahigh vacuum environment and
cryogenic temperatures and are difficult to scale up to large areas
(above 100 X 100 nm). Whereas SETSE and SGM can be
applied at ambient pressure and room temperature and can be
used to image larger areas on the order of several ym? their
spatial resolution is limited by the size of the tip that is used to
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Figure 1. (a,b) Schematic diagrams showing a graphene device on a MEMS heating chip. A SiN membrane (blue) supports a heating coil (red), Ti/Pt
electrodes (yellow), and the graphene (gray), which spans a hole (black). (c) High-angle annular dark-field STEM image of the area marked with a red
square in (b). The light gray contrast corresponds to the central part of the graphene device. This micrograph was recorded before a gap in the bridge

was made.

scan the surface, which is typically on the order of tens of
nanometers. Furthermore, neither technique can be used to
directly measure the electric field distribution of a suspended
electrically biased graphene sheet.

Off-axis electron holography is an established technique for
the measurement of electrostatic potentials and magnetic fields
within and around materials in the transmission electron
microscope (TEM). It relies on the use of a coherent electron
source to produce a plane electron wave, part of which is allowed
to pass through a region of interest in the specimen. This part of
the electron wave experiences a phase shift that depends on the
local electromagnetic potential. Its interference with a reference
part of the same electron wave generates a set of closely spaced
interference fringes, in which phase information is recorded. The
resulting electron hologram can be reconstructed digitally to
retrieve the phase shift of the part of the electron wave that
passed through the region of interest. To a first approximation,
for a nonmagnetic material the phase shift is directly
proportional to the electrostatic potential within and around
the sample projected in the electron beam direction, relative to
that in the reference region. (Further information about off-axis
electron holography, including a ray diagram of the beam path in
the TEM, is included in the Supporting Information.)

Off-axis electron holography, in combination with in situ
electrical measurements, has previously been used to map local
variations in electrostatic potential in samples that include
electrically biased W microtips,13 field emitting C nanotubes,"*
C cone nanotips15 and p—n junctions in semiconductors.'® In
such applications, careful experimental design can be used to
determine and subtract the contribution to the measured phase
shift from the mean inner potential (MIP) of the specimen in
order to retrieve the electrostatic potential associated with
additional charge redistribution, such as that resulting from the
presence of an applied voltage. This approach has been used to
map charge density distributions in electrically biased Fe atom
probe needles,'”” C nanotubes,'® Ge nanowires undergoing
lithiation,"” and charge-trapping memories.*’

Here, we use off-axis electron holography together with in situ
electrical measurements to study electrostatic charge density
distributions in graphene nanogap devices, which consist of two
sharp free-standing graphene electrodes that are separated by
gaps of between a few nanometers and a few tens of nanometers.
Our results provide a precision of better than a single electron in
local measurements of charge. We show that the induced
charges are localized at the edges of wider graphene tips and
compare our measured phase shifts with finite element
simulations.
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Experimental Details. Graphene devices were mounted on
custom-designed microelectromechanical systems (MEMS)
heating chips, whose fabrication is described elsewhere.”"””
The device geometry is shown in Figure 1. Each MEMS chip
contains a 600 ym wide, 400 nm thick square SiN membrane
with an embedded Pt spiral, which can be heated up to 600 °C in
a controlled manner. Ti/Pt electrodes were fabricated on the
MEMS heating chips using electron beam lithography and lift-
off techniques. A 2 ym diameter circular opening was etched in
the SiN between the two Ti/Pt electrodes using reactive ion
etching. Graphene was exfoliated using the scotch tape method
onto a 285 nm thick SiO, substrate, identified using optical
microscopy, and transferred onto the SiN opening and the Ti/Pt
electrodes using a water-based wedging transfer technique.”
Adhesion of the graphene to the electrodes was enhanced by
baking for 1 h on a hot plate at 120 °C. A 300 nm wide, 2 ym
long ribbon was preshaped in the suspended part of the
graphene using electron beam lithography and a mild oxygen
plasma. The graphene ribbon was then sculpted using the
electron beam in an FEI Titan 80-300 TEM, which was operated
in scanning TEM (STEM) mode at 300 kV, following steps that
are described elsewhere,”*** until a narrower (typically 10—30
nm) graphene ribbon was formed.

In situ off-axis electron holography experiments combined
with simultaneous electrical biasing were performed in an FEI
Titan G2 60-300 TEM operated at 300 kV. This microscope is
equipped with a Mobllenstedt-type electrostatic biprism
located above the first image plane. The biprism potential was
set to ~70 V, resulting in a holographic interference fringe
spacing of 0.43 nm and an overlap width of ~90 nm. The typical
electron irradiation dose rate during electron hologram
acquisition was 5 e/s/A%

The nanobridges, which typically had lengths of 100—300 nm
and widths of 10—100 nm, as well as their contacts, were
mechanically very stable. Transfer of the nanobridges from the
microscope in which they were sculpted to the microscope in
which off-axis electron holography experiments were carried out
did not result in any visible changes to their configurations.

Before irradiating each specimen using the electron beam, its
temperature was set to 300 °C. At this temperature, electron-
beam-induced C deposition is avoided due to the increased
surface diffusion of C adatoms and gas molecules and the
absence of adsorbed water on the specimen surface.””** Damage
to the graphene by electron beam illumination is also reduced
due to self-healing effects.”* In order to form a gap in each
ribbon, the voltage was ramped up to ~3 V at a constant rate of
0.08 V/s. Gap formation was typically observed at a current
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Figure 2. Charge measurement in closely spaced graphene nanotips. (a) Electron phase shift at 0 V bias shown in units of the number of graphene
layers (assuming a phase shift of 30 mrad per graphene layer at 300 kV*"*?). (b) Electron phase shift measured at —4 V bias showing the sum of the
mean inner potential contribution to the phase shift of the graphene tips measured in (a) and an additional contribution from the projected
electrostatic potential associated with the presence of induced charge on each tip. (c) Difference between phase images recorded at 0 and —4 V bias.
The black solid lines and dashed lines show equiphase contours separated by 0.1 radians and the outlines of the tip edges, respectively. (d) Laplacian of
the phase difference image in (c), showing the projected charge density inside each graphene nanotip. The dashed lines show the outlines of the tip
edges, within which the projected charge density was integrated, resulting in measured values of 18.8 & 0.8 electrons in the left tip and 16.3 & 0.8 holes

in the right tip. Scale bar: 20 nm.

density of ~5 X 10® A-cm™2, which induced breakdown due to
electromigration, similar to the procedure described by Nguyen
et al.”” (see the Supporting Information for further details and
Figure S3 for a current—voltage (I-V) plot). After the formation
of a nanogap, the temperature was reduced to ambient
temperature and off-axis electron holograms were recorded
with bias voltages of 0, +4, and —4 V applied across it. In order to
correct for phase distortions of the imaging and recording
system of the TEM, a reference electron hologram was recorded
from a field-free vacuum region at zero bias voltage after shifting
the specimen by ~15 pm. Electron holograms were
reconstructed using a standard Fourier space method involving
recentering and ﬁlterin}g a sideband, followed by inverse fast
Fourier transformation.”” All image processing, including image
alignment and numerical calculations of phase differences and
Laplacians (see below), was carried out using scripts written in
the MathWorks Matlab software package.

Results and Discussion. A prepatterned graphene ribbon
was decomposed into two closely spaced nanotips in situ in the
TEM by passing a current through it. The electron phase shift,
which is proportional to the projected electrostatic potential for
a weakly diffracting nonmagnetic sample, was measured using
off-axis electron holography and is shown in Figure 2. First, the
number of graphene layers in each tip was measured at zero bias
voltage in units of the mean phase shift produced by a single
graphene monolayer, which is ~50 mrad at 80 kV and ~30 mrad
at 300 kV (used here),”"** as shown in Figure 2a. For graphene
examined in plan-view geometry, the relationship between phase
shift and specimen thickness is approximately linear up to a
thickness of several tens of nanometers.”””> No significant
structural damage was observed during sculpting of the
graphene bridges, which is in agreement with previous work
on graphene sculpting using the same parameters.”®

In the nanobridge shown in Figure 2, the tips have thicknesses
of 1—5 monolayers in most regions. The left tip is relatively
homogeneous with a thicker (six monolayer) region at its apex.
The right tip has a single monolayer region at its apex and a
tapered shank. The application of a bias voltage between the tips
results in a three-dimensional variation in electrostatic potential
between them. The MIP contribution to the phase recorded at 0
V bias was subtracted from the total phase shift recorded at a bias
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voltage of —4 V (Figure 2b) to obtain a phase image associated
with charge redistribution alone (Figure 2c). It should be noted
that both phase images (before and after subtracting the MIP
contribution) suffer from the presence of a perturbed reference
wave (PRW), which is associated with the long-range electro-
static field originating from the specimen.”* This effect can be
seen in Figure 2c in the form of asymmetry of the phase contours
with respect to the tip axis.

The projected charge density distribution induced in the tips
by the application of a bias voltage can be deduced from the
Laplacian of the phase difference image in Figure 2¢, as shown in
Figure 2d. In such a measurement, artifacts associated with the
PRW are avoided, as the reference wave does not contain any
charges.'” The projected charge density distribution in Figure
2d is concentrated at the apex of each tip. In addition, there is an
accumulation of charge in a thicker (dot-shaped) region in the
left tip (dark blue spot in Figure 2d). By integrating the
projected charge density in the areas marked with dashed lines in
Figure 2d, we find that the left tip has 18.8 + 0.8 electrons,
whereas the right tip has 16.3 = 0.8 holes. (An explanation of the
errors in the measured values is given in the Supporting
Information.) Although the integration areas are different (612
nm® for the left tip and 1000 nm” for the right tip), the
asymmetry in the accumulated charge is in the opposite sense.
The origin of the 20% difference in total charge between the tips
is discussed below.

Our measurements of accumulated charge can be used to
determine a value for the capacitance of the nanotips
(determined by dividing the measured charge by the applied
voltage) of 0.7 aF. The capacitance of the entire device,
including the charge in the graphene regions that are outside the
field of view, is addressed using simulations below. The use of
cumulative acquisition techniques in off-axis electron holog-
raphy,” combined with the present method for extracting the
total charge from the Laplacian of the phase difference
image,”'36 allows the charge of a single electron to be resolved
in real space. The error can be estimated from the variation in
the total charge measured using different integration areas (as
described in the Supporting Information, see Figure S6). In our
experiments, a potential of 15 V could be applied safely to the
device for a separation between the tips of a few tens of
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nanometers. A charge of one electron at an applied voltage of 15
V would correspond to a detectable capacitance for a similar
nanotip geometry of 10 zF. Such a sensitivity, combined with
subnanometer spatial resolution, makes off-axis electron
holography a powerful technique for charge and capacitance
measurement at the nanoscale.

We repeated the measurements for three different devices in
total (as summarized in the Supporting Information) with gaps
between the tips of between 8 and 58 nm. The measured
capacitance values varied between 0.7 and 4 aF. Interestingly,
different devices showed different charge accumulation
behavior. For wider and thicker tips, the charge was located at
their apexes and edges, whereas for thinner and smaller devices
the charge was located primarily at their apexes with a fraction of
it located in their volumes (compare Figures 2d and S4d).

In order to assess differences between the devices, as well as
the unbalanced charge described above and nonclassical effects
such as quantum capacitance, we performed finite element
method (FEM) simulations. The geometries of the devices were
reproduced with the help of low-magnification STEM images.
Each model included the SiN supporting membrane and the
graphene tips up to the contact with the metal, resulting in
simulated areas that were more than 20 times the electron
holographic field of view. The graphene tips themselves were
modeled as two-dimensional charged planes. (Further details are
available in the Supporting Information.)

Figure 3a shows the simulated electron phase shift for the
graphene nanogap device shown in our experimental measure-
ment for an applied potential difference of 4 V. The perturbed
reference wave was included in the simulations by subtracting
the phase shift from a neighboring region, which was identified
using the experimentally measured biprism angle and interfer-
ence distance. The total phase shift is given by the expression

$1(r) = ¢(r) — ¢(r + D) (1)
where D is the interference vector and r is an in-plane position
vector. Further details can be found in the Supporting
Information. A schematic diagram of the experimental geometry
for off-axis electron holography, which explains the PRW effect,
is shown in Figure S10.

The simulation in Figure 3a shows a remarkably close match
to the experimental phase image shown in Figure 2c. The
projected potential only faintly resembles the geometry of the
tips due to the presence of strong electrostatic fringing fields
originating from both the tips and the larger parts of the
graphene device that are outside the field of view (see Figure 1).
In contrast, an in-plane slice through the simulated electrostatic
potential shows that the true three-dimensional equipotential
surfaces coincide with the edges of the tips (Figure 3c). The
good agreement between the experimental results and the
simulations, in terms of both the amount of charge and the shape
of the phase shift, suggests that even thin (1—2 monolayer)
graphene behaves electrostatically similarly to a metal for the
charge densities studied here. The measured charge asymmetry,
which was reproduced in the simulation with 16.2 electrons in
the left tip and 13.1 holes in the right tip, is attributed to the
asymmetric geometry of the device, which is visible in Figure 1c.
In response to the applied bias voltage, the left tip (which has a
smaller area) acquires a larger charge density than the right tip
(which has a larger area). The capacitance of the entire device
(including the regions outside the field of view) was determined
from the simulations to be ~12.5 aF.
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Figure 3. Simulations of the electrostatic phase shift of a graphene
nanogap device. (a) Simulated phase shift including the effect of the
perturbed reference wave (PRW). The equiphase contours (solid black
lines) have a separation of 0.1 radians. Here and in (b), the edges of the
graphene tips are outlined with dashed black lines. (b) True
experimental projected electrostatic potential obtained by subtracting
the projected potential of the simulated perturbed reference wave from
the original experimentally measured projected electrostatic potential.
The contour separation is 40 V-nm. (c) Slice through the simulated
three-dimensional electrostatic potential in the plane of the graphene
device. The contour separation is 0.5 V. The —4 and 0 V contours
coincide with the graphene nanotip edges. Scale bar: 20 nm.

The total charge measured experimentally is higher than the
simulated charge by ~20%, most likely due to the slight
differences between the modeled and experimental geometries,
including the definition of the graphene edges and the finite
thicknesses of the graphene tips. In order to address other
possible origins of this discrepancy, we briefly consider the
influence of quantum capacitance,’’ edge states, leakage
currents, changes in tip separation due to Coulomb forces,
and electron-beam-induced effects. Quantum capacitance,
which arises due to the small density of states in graphene at
the Dirac point, is expected to reduce the experimentally
measured charge, compared to simulations in which quantum
effects are not considered. Recent experimental studies®** have
reported negative quantum capacitance in graphene, either due
to strong electron—electron interactions in back-gated devices
or due to reduced screening by graphene side gates. Detailed
quantum mechanical simulations, which are beyond the scope of
the present work, are required to address the influence of
quantum capacitance on such measurements in detail. Although
a leakage current can arise due to parasitic conductance of the
supporting SIN membrane or a tunnelling current between the
tips, such a leakage current would not have affected the charge
that we measured in our device and was below 7 nA (the noise
level in our electrical setup) at room temperature and 4 V bias.
(We observed field emission at higher applied voltages, as
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discussed below; further details, including I-V plots, can be
found in the Supporting Information.) With regard to the effect
of an attractive Coulomb force, we did not observe any change in
distance between the tips to within our spatial resolution, which
is approximately 1.3 nm. Our simulations suggest that such a
difference would result in a change of only 0.15 units of charge
(approximately 1% of the total measured charge). We can also
exclude electron beam effects, as they act on the negatively and
positively charged tips with the same sign. In order to assess the
possibility of small geometrical discrepancies between the model
used in the simulations and the real device, we repeated our
simulations by varying three geometrical parameters: the
separation of the tips, their width, and their thickness. We
were able to match the experimental values of total charge on
both tips by reducing the gap size in the simulations by ~30% or
by increasing the tip width by ~16%. The experimental values
could also be reached for nanotips that are thicker than four
monolayers (see Table S2 in the Supporting Information).
Electrostatic simulations of graphene nanotips that take regions
of different thickness into account would require more
sophisticated modeling.

By comparing measurements performed on different devices
with each other (see the Supporting Information), we found
better agreement between simulated and experimental charge
densities for thicker devices (containing more than four
graphene layers). These devices also have larger gaps (of up to
58 nm), meaning that small discrepancies between the real and
simulated geometries do not play as significant a role as in the
device presented above. The thicker and larger devices also show
clearer accumulation of charge at their edges. This behavior may
be associated with the fact that multilayer graphene is metallic,
whereas a single layer can be semiconducting with a zero
bandgap, or alternatively due to the lateral resolution of the
analysis of 3 nm, which is only barely sufficient to resolve
charged edge layers in an 8 nm wide ribbon. The latter source of
error could be improved by using a lower electron beam energy
(to increase the interaction constant and therefore increase the
phase shift, while decreasing damage to the graphene) or by
increasing the spatial resolution or acquisition time.

In addition to electrostatic measurements, we attempted to
induce field emission from one tip to the other. Although we
were technically limited in the voltage that we could apply, we
were able to observe field emission for one of the devices (device
1 in the Supporting Information). The field emission current
was stable between 15 and 22 V, reaching a maximum of 0.5 pA.
From a Fowler—Nordheim plot*’ (see Figure S11 in the
Supporting Information), we determined a field enhancement
factor B of 22 + 7, assuming a constant graphene work function
@ of ~5 eV. Comparable values have been obtained for field-
emitting C cone nanotips’' and C nanotubes with similar
length-to-width ratios.** Higher field enhancement factors could
be achieved in future experiments by fabricating longer and
narrower graphene tips.

In conclusion, the projected charge density in closely spaced
graphene nanotips has been measured using off-axis electron
holography with a precision of better than a single electron. The
charge density within the field of view corresponds to a
measured capacitance of 0.7 aF. Finite element simulations of
the three-dimensional electrostatic potential around the device
show an almost perfect match with the experimentally measured
projected potential. Small discrepancies between the exper-
imental and simulated charge densities may result from
geometrical inaccuracies in the model used in the simulations
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or effects that are difficult to asses at present, such as edge states
or quantum capacitance. Our results suggest that the graphene
in such a nanogap device can be treated as a single conducting
layer with no additional screening of the electric field, which is in
contrast to previous observations in the literature.*”** Improve-
ments in the sensitivity and spatial resolution of charge detection
could be achieved in future experiments by using cumulative
acquisition of electron holograms and aberration corrected
imaging. Temperature-dependent studies could also be used to
assess quantum effects experimentally. In addition to
fundamental interest in charge redistribution in monolayer
and few-layer graphene, our results are of interest for the design
and fabrication of nanogap devices for single molecule
electronics, DNA sequencing, plasmonic optical tweezers, and
cold field emission sources.
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