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EXPERIMENTAL DETAILS

In situ experiments were performed in an FEI Titan G2 60-300 transmission electron
microscope (TEM) operated at 300 kV. This microscope is equipped with two Möllenstedttype electrostatic biprisms [1]. The upper biprism, which is located above the selected
area aperture plane, was used for off-axis electron holography.A simplified ray diagram
and the experimental setup are shown schematically in Fig. S1. For each electron phase
measurement, two sets of 10 object and 10 vacuum reference holograms were acquired with
a charge-coupled device (CCD) camera using an exposure time of 6 s. A representative
electron hologram is shown in Fig. S2.
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FIG. S1. Schematic diagrams of the setup for off-axis electron holography in the TEM. a) Simplified
side view of the ray path. Virtual sources are denoted S1 and S2. b) Top view showing the geometry
of the experiment in the specimen plane. The colours correspond to those used in panel (a). Panel
(a) is adapted from Ref. [2].

Graphene nanoribbons were fabricated from exfoliated graphene and pre-patterned using
standard electron beam lithography with a PMMA mask and an oxygen plasma etch. MEMS
chips containing the graphene devices were placed in a home-built TEM specimen holder
∗
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FIG. S2. Off-axis electron hologram recorded from device 3. This is one of 10 holograms, from
which electron wavefunctions were reconstructed and averaged to calculate the phase shift shown
in Fig. 2b in the main text. The inset at the bottom left shows the region outlined with a red
dashed square. The inset at the top right shows the central region of the Fourier transform of the
hologram.

with 6 electrical contacts. Four of the contacts were used for in situ heating, while the
remaining two were used for electrical biasing of the graphene nanogaps. The experiments
were performed in vacuum (∼10−7 mbar), either at room temperature or at 300 ◦ C. Similar
results were obtained at the two specimen temperatures.
Electrical breakdown of the nanoribbons (i.e., their decomposition into nanotips) was
performed inside the TEM under high vacuum conditions. In order to induce breakdown, the
voltage applied to each ribbon was ramped at a constant rate of 0.08 V/s, while monitoring
the current passing through it. Figure S3 shows a representative current-voltage (I-V ) plot
recorded during breakdown. An initial small drop in current (between 2.64 and 2.72 V) is
followed by a rapid decrease in current at 2.72 V (faster than our temporal resolution of
∼10 ms). Although the breakdown voltage varied from device to device, it always happened
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FIG. S3. Representative I-V curve recorded during the formation of a nanogap (i.e., during
breakdown of a nanoribbon) as the voltage is swept at a constant rate of 0.08 V/s.

close to a critical current density of 5×108 A/cm2 .

EXPERIMENTS AND ANALYSES PERFORMED ON DIFFERENT DEVICES

Table S1 summarises results obtained from three graphene nanogap devices in this study.
Device 2 was measured at three different bias voltages and showed a linear response of the
total measured charge with applied voltage. Device 3 is described in the main text.
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TABLE S1. Projected charge densities measured in different graphene devices (average values on
the two tips). Measurements were performed either at 300◦ C or at room temperature (RT).
∗)

Bias voltage refers here to the voltage difference between two phase images, which were subtracted

from each other to remove the mean inner potential contribution to the signal from the results.
Device

Temperature

Gap

Thickness

Average

Bias

number

(◦ C)

(nm)

(layers)

charge

voltage*

(e)

(V)

Capacitance
(aF)

1

300

20

10-20

16.3 ±1.1

10

4

2

300

58

6-7

61.4 ± 1.1

10

1

2

300

58

6-7

30.4 ± 1.1

4.9

1

2

300

58

6-7

17.7 ± 1.1

2.8

1

3

300 / RT

8

1-6

17.6 ± 1.1

4

0.7

PROJECTED CHARGE DENSITY

The projected charges densities in the tips were measured using the expression [5, 6]

σp (x, y) = −

0 2
∇ φ(x, y),
CE

(1)

where σp is the projected charge density, 0 is the vacuum permittivity, CE is a constant
that depends on the accelerating voltage of the microscope (CE = 6.526 rad·V−1 · µm−1 at
300 kV) and φ is the recorded phase shift. In order to account for the fact that a discrete
Laplacian needs to be calculated from a noisy image, the Laplace operator was convoluted
by a Gaussian blurring filter, as suggested in Ref. [6].
Figures S4 and S5 and Fig. 2 in the main text show projected charge density distributions
measured from the three devices. The wider devices (1 and 2; Figs S4 and S5) show a greater
tendency to accumulate the induced charge around the edges of the graphene tips.
The noise level in the measurement and the ability to obtain single electron precision
are assessed in Fig. S6. A line profile obtained from the vacuum region (Fig. S6c) shows
that the noise level per pixel in this region does not exceed 10−3 electrons. (It should be
noted that Gaussian filtering was applied when calculating the projected charge density).
On the assumption that all pixels are independent (this is not strictly the case; the effect
5
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FIG. S4. Charge measurement in device 1 in Table S1. 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 layer at 300 kV
[3, 4]). b) Electron phase shift measured at 5 V bias, showing the mean inner potential contribution
to the phase of the graphene tips, in addition to a contribution arising from the applied bias voltage.
c) Difference between electron optical phase images recorded at bias voltages of ±5 V. The black
solid lines and the dashed lines mark equiphase contours separated by 0.6 rad and the outlines of the
tips, respectively. d) Laplacian of (c), showing the projected induced charge density distribution
inside the graphene tips. The red and blue dashed lines show the areas in which the charge was
integrated. Scale bar: 30 nm.

of correlation is discussed below) and have an error of σx = 10−3 electrons, the integrated
charge error σC can be described according to the expression
v
v
u N 
u N

2
uX ∂C
uX
√
σC = t
σxi = t
σx2 = N σx ,
∂xi
i
i

(2)

where the sum represents numerical integration over a chosen area that contains N pixels
with values xi and errors σxi . The error depends on the size of the integration area. For
typical integration regions of approximately 16000 pixels, the error in the integrated charge
is approximately 0.13 unit charges. However, for correlated pixels the above equation needs
to be corrected by a correlation coefficient, whose estimation is complicated by the presence
of multiple sources of correlation (including Fourier filtering of the original holograms and
6

Projected charge density (e / nm2)

FIG. S5. Charge distribution in a graphene-based nanocapacitor (device 2 in Table S1). The inset
at the lower left shows the mean inner potential contribution to the phase. The gap between the
tips is 58 nm and their thickness is ∼6-7 graphene monolayers. The areas at the top right and
bottom left corners are outside the interference region and have been excluded as they contain only
artefacts. Scale bar: 60 nm.

the numerical Laplacian calculations performed on the phase). Here, we estimate the error
in the integrated charge by evaluating the results of integration in vacuum and on the tips
using different integration areas. The regions marked with black rectangles in Fig. S6a were
used for charge integration. The area of each rectangle is ∼230 nm2 . The measured total
charge inside the rectangles does not exceed 0.25 electrons. Inside the tips, the integration
was performed using 8 different areas. The results are shown in Fig. S6d. The variation
of approximately 0.8 electrons, together with the noise estimates described above, confirms
that the confidence level in the measurement of the total charge in each tip is better than
a single electron. Considering our three error estimates of 0.13 , 0.25, and 0.8 electrons
associated with the vacuum noise in a single pixel, integration of the vacuum noise over a
chosen area and the use of different integration areas inside the tips, respectively, we consider
0.8 electrons to be an upper limit for the error in our measurements and use this value in
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FIG. S6. Evaluation of noise in the charge density distribution measured in a graphene-based
nanocapacitor (device 3 in Table S1). a) Charge density map. The black and green arrows show
the positions and directions of the line profiles plotted in (b) and (c), respectively. The black
rectangles show the reference areas used for integration of the total charge in vacuum, reflecting
the noise level. The results of the integration are shown in the overlay. The area of each rectangle
is ∼230 nm2 . Each line profile is 1 pixel wide. The pixel size is 0.34 nm. d) Charge density map
with areas used for integration of the total charge in the tips outlined with blue and red lines. The
results of the integration are shown in the overlay.

the present manuscript.

COMPARISON OF EXPERIMENTAL RESULTS WITH SIMULATIONS

Finite element method (FEM) simulations were performed classically using Comsol Multiphysics v5.2, without including quantum effects. The geometry of the device, including
the SiN supporting membrane, was reproduced in the simulations.
The graphene tips were modeled as two-dimensional charged planes of zero thickness. In
multilayer graphene, the interlayer spacing was set to 0.34 nm, while keeping the individual
layer thickness as zero. The choice of zero thickness for each graphene layer was intentional,
as the simulation software would interpret a thicker layer as a combination of two distinct
charged planes. The two-dimensional mesh that was used to describe graphene contained a
total of 20206 triangular elements, as shown in Fig. S7a. A finer mesh of 6200 triangular
elements was used to describe the part of the device within the field of view (Fig. S7b).
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(a)

(b)

FIG. S7. Two-dimensional mesh used to describe a graphene nanogap device in finite element
simulations. Panel (b) shows the part of region (a) that is marked by the red rectangle and
corresponds to the field of view in the off-axis electron holography experiment.

FIG. S8. Three-dimensional mesh used for finite element simulations of the volume (the cylinder
has a diameter of 5 µm and a height of 5 µm) used for calculations of the electrostatic potential
around the graphene nanogap device. A sub-volume (a cylinder with a diameter of 300 nm and
a height of 200 nm) containing the experimental field of view is described by a finer mesh and is
shown on the left.

The volume of the simulation was chosen to be a cylinder of height 5 µm and diameter
5 µm, which was sufficient to contain most of the generated electrostatic potential. For
higher precision, a sub-volume of cylindrical shape with a height of 200 nm and a diameter
of 300 nm, was defined using a finer mesh. The rough mesh includes 886393 tetrahedral
elements, while the fine mesh in the sub-volume contains 381608 tetrahedral elements. They
are both shown in Fig. S8.
The results of the simulations were exported to Matlab software for post-processing. The
phase shift was obtained by integrating the electrostatic potential in a direction perpendicu9

lar to the tip plane. The simulated electrostatic charge density was blurred using a Gaussian
filter, similar to that applied to the experimental data. The phase shift corresponding to the
perturbed reference wave was subtracted from the phase shift of the object wave, making
use of the experimentally determined interference vector.
Figure S9 and Fig. 3 in the main text show comparisons between measured and simulated
electron optical phase images for devices 2 and 3, respectively. An excellent match was
obtained by taking into account the effect of the perturbed reference wave on the phase
shift. By making use of both the simulations and the experiment results, the simulated
perturbed reference wave (which is not known experimentally) could be subtracted from the
experimentally recorded phase images.
TABLE S2. Total charge for device 3 in Table S1 obtained by FEM simulations.
Number
of layers

Total charge
Left tip

Right tip

(electrons)

(holes)

1

16.2

13.1

2

17.2

13.6

3

17.7

14.2

4

18.3

14.6

SUBTRACTION OF PERTURBED REFERENCE WAVE WITH SIMULATIONS

The interference of an object electron wave with phase shift φ and a tilted reference wave
with transverse wave vector k0 in an idealised off-axis electron holography scheme can be
described by the expression [7]
p
p
N
I(r) = | N/2e−ik0 x + N/2a(x)eiφ(r) |2 = [1 + a2 (r) + 2a(r) cos(k0 x + φ(r))],
2

(3)

where I(r) is the intensity at point P in the hologram (see Fig. S10), N is the average
number of counts in the vacuum region and a(r) is the amplitude of the object wave. Fouriertransform-based reconstruction, which involves filtering and shifting the sideband at k0 to
the origin of reciprocal space and inverse Fourier transforming, is used to obtain the complex
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FIG. S9. Comparison between results obtained using electron holography and finite element simulations for device 2 in Table S1, with a bias voltage of 9.8 V applied between the tips, which
are outlined in red. a, b) Experimental and simulated electron phase distributions. The contour
spacing is 0.1 rad. The simulated phase shift includes the effect of the perturbed reference wave,
for which the interference width and direction were determined experimentally. c) Projected electrostatic potential calculated from the experimental phase image after subtraction of the perturbed
reference wave obtained from the simulation. The contour spacing is 0.2 V·µm. d) In-plane distribution of electrostatic potential determined from the simulation. The contour spacing is 1 V.
Scale bar: 25 nm.

object wavefunction. The influence on hologram formation of limited coherence, the details
of the microscope imaging system, vignetting effects and other artefacts are omitted from
Eq. 3. A comprehensive description of these effects can be found elsewhere [8–10].
If a long-range electromagnetic field affects the reference wave, then the phase of the
reference wave φ(r + D) will not be flat and Eq. 3 takes the form
p
p
N
I(r) = | N/2e−ik0 x+iφ(r+D) + N/2a(x)eiφ(r) |2 = [1+a2 (r)+2a(r) cos(k0 x+φT (r))], (4)
2
where D is the vector between two interfering points in the object plane [11]. This perturbed
reference wave (PRW) effect is illustrated schematically in Fig. S10. The reconstructed phase
φT at point P is the difference between the phase at point PO in the object wave and that
11
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(interference) region. The inset at the lower left corresponds to the central region of Fig. S1b and
shows the experimental geometry of the object plane viewed in the direction of the electron beam.

at point PR in the reference wave, according to the expression
φT (r) = φ(r) − φ(r + D).

(5)

For the graphene tips, we performed a correction for the effect of the PRW by using the
phase shift obtained from the simulations. The phase shift was simulated for a larger field
of view, including the object and reference wave regions. In order to obtain the corrected
phase shift (φ(r) in Eq. 5), the simulated phase shift in the reference wave region (φ(r + D))
was added to the experimentally measured phase shift (φT (r)). The interference distance
vector D, which is defined as the vector that connects any pair of points that interfere
with each other, was determined as follows. The direction of D is perpendicular to the
biprism and was measured from the holograms. Its magnitude is equal to the sum of the
projected biprism width, measured from an image of the biprism (recorded in the absence
of an applied voltage) and the overlap width measured from the original holograms. This
correction provides an estimate of the real (unperturbed) phase shift and depends on the
accuracy of the model that is used to describe the experiment.
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FIELD EMISSION IN A GRAPHENE NANOGAP DEVICE

A field emission experiment was performed at room temperature without electron beam
illumination for device 1 (see Table S1) by sweeping the applied voltage between 0 and 22 V.
Figure S11 shows I-V and Fowler-Nordheim (F-N) plots of the device recorded during the
experiment. In the F-N plot, the onset of field emission can be identified at ∼15-16 V. The
field enhancement factor β was calculated using the standard F-N relation for the slope of
the linear part of the F-N plot (between 0.045 and 0.067) according to the expression


ln

I
V2



= −Bdφ3/2

1
+ constant,
βV

(6)

where B = 6.83 eV3/2 × V × nm−1 , d = 20 nm is the gap between the graphene tips and
φ = 5 eV is the work function of graphene. Using these parameters, the field enhancement
factor β takes a value of 22±7. A low but non-zero conductance of the device was observed
between 0 and 10 V, most likely due to leakage in the thin SiN membrane.
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FIG. S11. Current-voltage (left) and Fowler-Nordheim (right) plots for device 1 (see Table S1)
during field emission.
.

13
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