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ABSTRACT: The electric potential, electric field, and
charge density of a monolayer of MoS2 have been
quantitatively measured at atomic-scale resolution. This
has been performed by off-axis electron holography using a
double aberration-corrected transmission electron micro-
scope operated at 80 kV and a low electron beam current
density. Using this low dose rate and acceleration voltage,
the specimen damage is limited during imaging. In order to
improve the sensitivity of the measurement, a series of
holograms have been acquired. Instabilities of the micro-
scope such as the drifts of the specimen, biprism, and
optical aberrations during the acquisition have been
corrected by data processing. Phase images of the MoS2
monolayer have been acquired with a sensitivity of 2π/698 rad associated with a spatial resolution of 2.4 Å. The
improvement in the signal-to-noise ratio allows the charge density to be directly calculated from the phase images using
Poisson’s equation. Density functional theory simulations of the potential and charge density of this MoS2 monolayer
were performed for comparison to the experiment. The experimental measurements and simulations are consistent with
each other, and notably, the charge density in a sulfur monovacancy (VS) site is shown.
KEYWORDS: electron holography, high-resolution, MoS2, charge density, electric potential, electric field, sulfur vacancy

The emergence of 2D materials1 for the fabrication of
nanoelectronic devices2−6 requires the influence of the
electrical properties of their defects, either at the scale

of single atoms such as dopants,7 impurities,8 and vacancies9 or
linear such as lines of vacancies10 and grain boundaries,11 to be
known at an atomic level. This information is essential for a
deep understanding and optimization of the macroscopic
properties of future devices.12 The latest generation of
transmission electron microscopes (TEM) allows imaging13,14

or spectroscopic measurements15,16 of defects to be performed
in 2D materials at the atomic level, thus giving insights on the
local electrical properties of these defects. Nevertheless the
direct observation of the electrical characteristics at an atomic
scale remains challenging. For that purpose, recent develop-
ments in pixelated scanning transmission electron microscopy
(STEM) have been used to measure the electric field and
charge density in 2D materials, by scanning a probe on a
specimen and locally measuring the changes from the center of
mass of the transmitted beam.17−20 An alternative approach is

off-axis electron holography, which is a TEM-based technique
that is sensitive to the local electric potential.21−23 However, it
is still a difficult task to both locally and quantitatively measure
the electric potential, field, and charge density in these
materials with the required sensitivity and spatial resolution.
Typically off-axis electron holography is performed using a

weak Lorentz lens, which allows a wide field of view of
hundreds of nanometers, but a low spatial resolution of
typically 2−6 nm to be obtained. This technique is used widely
for the quantitative examination of electric potentials, such as
in silicon devices24 or III−V materials,25 but also for magnetic
field26 and strain field27 measurements. However, when using
the conventional objective lens, the measurement of electric
potentials at atomic resolution can be performed at the
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expense of the field of view, which is typically in the range of
tens of nanometers. This high-resolution electron holography
method was originally conceived as a method to improve the
spatial resolution of TEM images by numerically correcting the
instrumental aberrations after the hologram reconstruction by
using a phase plate.28 Despite excellent progress with the
developments of these methods,29,30 the experimental
challenge and difficulties to interpret atomic-resolution phase
images of crystals thicker than a few nanometers because of
dynamical scattering22,31 have meant that this approach has
never become widespread. Nevertheless, high-resolution
holography is well adapted for the measurement of potentials
in 2D materials of a few monolayers, if a sufficient signal-to-
noise ratio can be obtained without damaging the sample.21,22

For holography, the sensitivity is inversely proportional to the
spatial resolution;32 it is still a hard task to reach at the same
time an atomic-scale resolution and a very high phase
sensitivity.
Here, we show a measurement of the electric potential of a

MoS2 monolayer performed by off-axis electron holography,
with atomic-scale spatial resolution combined with high phase
sensitivity. This high sensitivity measurement allows the
electric field and charge density to be directly mapped at the
atomic scale. We show that the quantitative measurements are
consistent with density functional theory (DFT) simulations,
and this comparison allows for the identification of a sulfur
monovacancy (VS) in the 2D crystal lattice.

RESULTS AND DISCUSSION
Off-axis electron holography experiment uses an electron
biprism to interfere a coherent electron wave that has passed
through a region of interest with a wave that has passed
through a field-free vacuum reference region. This forms an
interference pattern known as a hologram. The electron
hologram allows the phase and amplitude images to be
obtained using a Fourier reconstruction process (see
Supporting Information A). In the weak phase object
approximation, as is the case for a crystal monolayer, the
electron phase ϕ is related to the electromagnetic potential of
the specimen by

∫ ∫ϕ =
ℏ

−
ℏ−∞

+∞

−∞

+∞

||
e
v

V z z
e

z zr r A r( ) ( , ) d ( , ) d
(1)

where z is the propagation direction of the beam, r is a position
vector perpendicular to it, V is the electric potential, A|| is the
contribution of the magnetic vector potential parallel to z, v is
the relativistic electron velocity, and e is the elementary charge.
The first term describes the electric phase shift, which is
proportional to the electric potential projected over the beam
propagation. The second term describes the magnetic phase
shift, which is proportional to the component of the magnetic
vector potential that is parallel to the beam direction and
projected over the beam propagation. In the absence of
magnetic fields, as is the case for most 2D materials, the
electron phase can be directly linked to the electric potential.
Next, from the potential, the electric field E and the charge
density ρ can be calculated for a conservative electric field from

= −∇VE r r( ) ( ) (2)

and by applying Gauss’s law,

ρ ε= ∇·r E r( ) ( )0 (3)

The sensitivity of holography experiments is usually
characterized by the phase error (σφ) of the measurement. It
is given by the phase standard deviation of the measurement in
a flat region (e.g., vacuum) or directly at the sample location in
the case of recording multiple holograms with the method
proposed by McLeod et al.33 The phase sensitivity is improved
with an increase of the hologram contrast (μ), an increase of
the mean number of electron counts per pixel in the hologram
(Ne), or a reduction of the spatial resolution (R), as described
by34,35

σ
μ

∝φ N R
1

e (4)

Equaton 4 shows that for high-sensitivity measurements a
high electron dose is required. But to limit the beam damage of
the specimen, a combination of low electron beam current
density and long exposure time is required. Thus, a series of
holograms are acquired, leading to the need to correct for the
microscope and specimen instabilities over the acquisition time
during data processing.32,33,36 The reconstruction of the high-
sensitivity phase image is not straightforward for phase
measurements at an atomic scale, as the specimen will drift
as well as the electron biprism and the beam wavefront. In
addition, at 80 kV the fist-order optical aberrations of the
imaging system, such as defocus and 2-fold astigmatism, are
unstable in the minute time scale;37 thus their drift will need to
be corrected within the series (see Supporting Information B).
One of the constraints of using off-axis electron holography

is that the observed area of the specimen must be close to a
region of vacuum that is used to provide the reference wave.
This need makes the observation of 2D materials difficult, as
the edges of the specimen are often less stable and the layers
can be bent, as well as damaged and contaminated. Figure 1(a)
shows a conventional high-resolution (HR)-TEM image of the
MoS2 monolayer, close to an edge, acquired before the
holography measurement. One can see at the top left of the
HR image a hole in the layer caused by beam damage induced
by focusing the electron probe at this location, and contrast
from residual poly(methyl methacrylate) (PMMA) used for
sample preparation (see Methods) is also present in the image.
A region having a clean area containing only a monolayer was
found. Figure 1(b) shows a single hologram acquired in this
region with the analyzed subarea magnified in the inset. The
interference fringes with a spacing of 0.077 nm can be clearly
observed. A series of 89 holograms, each for 4 s and lasting for
a total time period of 7 min and 24 s, were acquired with an
electron beam current density of 8.1 × 103 e−·Å−2·s−1 (see
Methods). The beam-induced degradation of the sample
remains negligible during the acquisition time. Introduction of
beam damage is limited by the use of a 80 kV acceleration
voltage of the electron beam. The threshold for knock-on
damages in MoS2 is about 90 kV.38 Moreover the crystal
defects are also stable, as supposed by Komsa et al.,39 who
show a VS displacement of 0.0023 atomic jump per second for
a TEM experiment with a beam current density of 1.3 ×
104 e−·Å−2·s−1, significantly larger than the one we use.
The series of electron holograms were reconstructed with a

spatial resolution of 0.24 nm, limited by a numerical aperture
during the process (see Supporting Information A). It includes
the {1̅100} set of planes to give rise to the HR phase maps.
The Holoview software, which was written at CEA specifically
for this application,32 was used for the reconstruction. This

ACS Nano Article

DOI: 10.1021/acsnano.9b06716
ACS Nano 2020, 14, 524−530

525

http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06716/suppl_file/nn9b06716_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06716/suppl_file/nn9b06716_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsnano.9b06716/suppl_file/nn9b06716_si_001.pdf
http://dx.doi.org/10.1021/acsnano.9b06716


software corrects the mechanical (specimen and biprism) and
optical (wavefront and first-order aberrations) drifts that occur
during the acquisition time of the series (see Supporting
Information B). Then the residual aberrations of the optical
system were corrected up to the third order by the use of a
phase plate applied to the final complex image (see Supporting
Information C). Figure 1(c) shows respectively the recon-
structed amplitude and (d) phase images over the whole field
of view of the holography experiment, of 33 nm. A vacuum
region is observed in the bottom left of these images, as well as
the hydrocarbon contamination at the edge and multilayers of
MoS2 and residual PMMA (see Methods) at the bottom.
However, a large region of clean 2H-phase MoS2 monolayer is
also present, a few tens of nanometers from the vacuum region.
This study will focus on the subarea defined in this region
(Figure 1(b−d)).
Figure 1(e) shows the phase errors measured in the analyzed

subarea of the specimen and in the vacuum region, according
to the number of holograms used for the reconstruction. The
phase error decreases from 2π/76 rad for the use of a single
hologram to 2π/698 rad for the series reconstructed with 89
holograms, achieving a gain of signal-to-noise ratio close to one
order of magnitude. The phase error is inversely proportional
to the square root of the number of holograms, as described by

eq 4. An advantage of recording a hologram series is the
opportunity to assess during data processing whether or not
the specimen was subjected to beam degradation. For example,
Figure 1(e) shows that the phase error in the specimen stays
very close to the one in vacuum over the accumulation of
holograms. It is a good figure of merit which indicates that the
specimen is not noticeably degraded over the acquisition time
of the series.40 In addition, it gives the ability to reconstruct
small subsets of the series along the acquisition time, with
lower but sufficient phase sensitivity, to verify further if the
sample remains undamaged.
Figure 2(a) shows the experimentally acquired electric

potential map of the MoS2 monolayer, calculated from eq 1. As

the thickness of a monolayer remains elusive, we show the
projection of the potential over the electron beam path
displayed in units of V·nm. The structure of MoS2 is
superimposed to indicate the position of the single Mo
atoms indicated in gray and the two S atoms in yellow. This
experimental map reveals the presence of two main sites that
appear to contain a defect in the crystal, indicated within the
dashed circles. A splitting of the series into subsets of 10
holograms allowed to verify whether these defects were
introduced or moved during the acquisition time of the series
and demonstrated that the defect on the left side was
introduced by knock-on damage during the beginning of the
acquisition, whereas the one on the right side remains stable
over the whole acquisition time (see Supporting Information
D). Thus, only the stable (right-side) defect is considered here.
DFT simulations have been used to simulate the electric

Figure 1. (a) High-resolution TEM image of the MoS2 monolayer
specimen. (b) Single hologram of the MoS2 specimen, with an
inset to visualize the hologram fringes. (c) Amplitude and (d)
phase images of the MoS2 specimen reconstructed from the
hologram series. The subarea in (b)−(d) defines the region
considered later in the article. (e) Plot of the phase errors
measured in the vacuum region and in the specimen subarea,
according to the number of holograms used for the reconstruction.

Figure 2. (a) Experimental projected potential measurement of the
MoS2 monolayer calculated from the holography phase image,
where the structure of MoS2 is superimposed to indicate the
location of the Mo (gray) and S (yellow) atoms. The presence of
two main sites that appear to contain a defect in the crystal are
circled. (b) DFT simulation of the projected potential of a MoS2
monolayer, with a VS defect encircled. (c) Experimental and
simulated profiles of the projected potential extracted across 8
atomic sites including the VS defect, as indicated by the double
arrows in (a) and (b). The experimental error is in light blue. (d)
Experimental and simulated histograms of the projected potential
taken at the location of each atomic site and averaged over a radius
of 0.5 Å.
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potential of a 2H-MoS2 monolayer containing a sulfur
monovacancy (see Methods). The simulated projected
potential by DFT is shown in Figure 2(b), and the VS defect
is located in the dashed circle. Overall, a good agreement is
observed between the measurement (Figure 2(a)) and the
simulation (Figure 2(b)). The average value of the potential,
corresponding to the mean inner potential of the MoS2
monolayer, is found to be 10.4 V·nm experimentally and
10.6 V·nm by simulation.
The profiles taken from across the regions indicated by the

dashed lines in Figure 2(a) and (b) are shown in Figure 2(c).
This quantitative comparison between the experimental and
simulated projected potentials demonstrates a good agreement.
The experimental error bar in light blue corresponds to the
phase error of the measurement. The DFT shows that the
differences in the projected electric potential in the Mo and S2
sites is small, respectively 15.2 and 16.0 V·nm, whereas the
potential located at the VS defect is 8.5 V·nm. The good
quantitative agreement between the holography measurement
and the modeling allows the crystal defect to be clearly
identified as a sulfur monovacancy from the experimental
potential map. Figure 2(d) plots the histogram of the projected
potential taken at the location of each atomic site and averaged
over a radius of 0.5 Å for both the holography measurement
and DFT simulation. Based on the modeling, Mo and S2 sites
show in the histogram a radial averaging of 14.5 and 15.25
V nm, respectively. A statistical dispersion around these values
is observed experimentally, resulting from the accuracy of the
measurement. The few experimental values far below these
reference values, typically below 13 V·nm, result from atomic
defects that possibly evolve (creation, annihilation, displace-
ment) under the electron beam during the acquisition time of
the hologram series. In the histogram, the averaged projected
potential of the VS shows a value of 8.25 V·nm from the DFT
model. It is again in good agreement with the experimental
one, visible at 8.0 V·nm.
Figure 3(a) shows the holography measurement of the

electric field projected over the electron beam path, thus
displayed in units of V. Figure 3(b) is the projected electric
field obtained from the DFT simulation. These maps are
proportional to the gradient of the projected electric potential,
which is calculated using eq 2. It is solely sensitive to the

electric field in the observation plane E⊥, i.e., perpendicular to
the electron beam direction. The MoS2 structure is super-
imposed onto the experimental image to indicate the location
of the atom sites. The location of the VS defect is circled on
both the experimental and simulated maps. These maps show
the quantitative distribution of the electric field in the MoS2
monolayer at the atomic scale, though limited by the spatial
resolution of the measurement of 2.4 Å. Overall, a good
quantitative agreement is observed on the projected electric
field, between the measurement and the DFT model. The
electric field modulation around the VS defect is clear from the
simulation in Figure 3(b), showing a triangular dark shape that
compares well to the measurement in Figure 3(a).
Figure 4(a) shows the holography measurement of the

charge density, projected over the electron beam path. Thus,

the charge density is quantified as a number of charges per unit
area, in units of nm−2. The positive values come from the
proton charge contribution of atomic nuclei, while the negative
values come from the electron charge contribution. This map
is proportional to the divergence of the electric field; see eq 3.
Therefore, the Laplacian of the projected potential is
performed (applying eqs 2 and 3 to give Poisson’s equation),
in order to make possible a direct access to the experimental
charge density. Here, the very low experimental phase error
permits this double derivative to be applied while maintaining
a sufficient signal-to-noise ratio for the quantitative analysis of
the charge density map. Figure 4(b) is the projected charge
density obtained directly from DFT simulation (see Methods).
Again, the MoS2 structure is superimposed on the experimental
image to indicate the location of the atomic sites, and the
location of the VS defect is indicated on both experimental and
simulated maps. A good agreement between the experimental

Figure 3. (a) Experimental measurement of the projected electric
field, E⊥, of the MoS2 monolayer calculated from the holography
phase image. The structure of MoS2 is superimposed to indicate
the location of the Mo (gray) and S (yellow) atoms. The presence
of the identified VS site is indicated. (b) Simulation of the
projected electric field, E⊥, of a MoS2 monolayer with a VS defect
indicated, calculated from the DFT simulation. These vector fields
are encoded in the color wheel, where their orientation is given by
the color and their modulus is given by the saturation, increasing
along the radius from 0 to 180 V.

Figure 4. (a) Experimental projected charge density of the MoS2
monolayer calculated from the holography phase image, where the
structure of MoS2 is superimposed to indicate the location of the
Mo (gray) and S (yellow) atoms. The presence of the identified VS
site is indicated. (b) DFT simulation of the projected charge
density of a MoS2 monolayer, with a VS defect indicated. (c)
Experimental and simulated profiles of the projected charge
density extracted across 8 atomic sites including the VS defect, as
indicated by the double arrows in (a) and (b). The experimental
error is in light blue.
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and simulated projection of the charge density is observed in
these images. Due to the charge neutrality of the system, the
mean value of the projected charge density maps is 0 nm−2.
Profiles have been extracted from the indicated lines and are
shown in Figure 4(c). The projected charge density modeled
by DFT for the Mo and S2 atomic sites’ location is similar,
being 130 and 150 nm−2, respectively. The value for the VS
defect position is 30 nm−2. The positive values mean that the
proton charges from the atomic nuclei account for the main
contribution of charge density around the atomic positions. In
the center of the hexagonal structure, the charge density drops
down to −280 nm−2, hence dominated by the negative charges
from the electrons. The holography measurement shows a
good quantitative agreement with the simulation, including at
the VS location, as depicted in Figure 4(c). Thus, the crystal
defect measured by holography can also be well identified as a
sulfur monovacancy from the charge density map, with respect
to the simulation.
These measurements are consistent with recent reports of

the fields measured in MoS2 specimens using center of mass
pixelated STEM techniques.18,20 Compared to holography,
pixelated STEM techniques have a better spatial resolution but
often need to average the signal of several crystal unit cells over
the field of view in order to obtain a good signal-to-noise ratio.
However, with holography the signal is averaged over time,
allowing to track the influence of the electron beam on the
structure. We therefore demonstrate that the quantitative
measurement of the charge density by off-axis electron
holography is a powerful tool that can be used to validate
DFT simulations of 2D materials with the prospect of
extending the study to different types of materials and defects
such as grain boundaries and dopant atoms.

CONCLUSIONS
We have shown that by using high-resolution off-axis electron
holography it is possible to quantitatively measure the local
charge densities with atomic resolution in monolayers of 2D
materials. In order to achieve the required signal-to-noise ratio,
a methodology to acquire a large series of holograms has been
developed while using a low electron beam current density to
limit the damage to the specimen. The key to these
measurements is to be able to correct the drift of the
specimen, biprism, and low-order aberrations between each
phase image from the hologram series. The high signal-to-noise
ratio in the projected potential maps allows Poisson’s equation
to be used to extract the charge density. These results are in
agreement with DFT simulations, suggesting that our
measurement is accurate. Although our methodology works
using a state-of-the-art double aberration-corrected trans-
mission electron microscope, there are many improvements
that could be made in order to make this an easier and thus
more routine experiment. First, this work has been performed
using a single biprism system, and as such, it is necessary to
take measurements near a region of vacuum. In this case the
specimen is often less mechanically stable and also dirty, which
makes it difficult to find a suitable region of interest. By using a
multiple biprism system it is possible to acquire the reference
far from the region of interest as well as increase the spatial
resolution.41,42 Indeed the possibility to take measurements far
from a region of vacuum would allow interesting defect
structures and grain boundaries to be more easily studied. In
addition, this approach could be combined with the use of very
low energy electron beams in the range 20−60 kV, which

could prevent the effects of knock-on damage, increase the
stability of crystal defects under the beam, and allow specimens
to be examined for longer time periods.43 Of course the use of
hybrid pixel detectors44 would improve sensitivity in the
reconstructed phase images. This approach also requires
further developments in the number of pixels, such that the
interference fringes can be correctly sampled while maintaining
a reasonable field of view of the measurement. Although the
methods presented here will surely be improved, we show that
it is possible today to locally measure the charge density with
atomic resolution, and as such, the electronic structure around
specific atoms or defects can be measured. With this
methodology, it will be possible to obtain valuable information
about the electronic structure of defects, such as dopants and
grain boundaries, in a range of different 2D materials to be able
to accelerate the design and development of electronic devices
based on these materials.

METHODS
Specimen Preparation. Epitaxial monolayer MoS2 samples were

grown by CVD onto c-plane sapphire.45 To produce a free-standing
monolayer for TEM analysis, a PMMA film was spin coated at
1500 rpm onto the wafer, which was then immersed in KOH (30%
weight) at 70 °C for 20 min to detach the PMMA film with the MoS2
from the substrate. The floating PMMA membrane was transferred to
deionized water to remove the KOH residue. The MoS2 monolayers
were then transferred on top of holey Si3N4 TEM grids. The PMMA
was removed by annealing in Ar/H2 atmosphere at 400 °C for 8 h.
Before being put into the electron microscope the MoS2 specimen
was annealed at a temperature of 120 °C overnight in vacuum to
release organic contamination.

Transmission Electron Microscopy. TEM experiments were
performed using a double aberration-corrected FEI Titan Ultimate
operated at 80 kV. The probe corrector was used to provide a flat
wavefront of the electron beam, and the image corrector to provide
atomic-scale resolution in TEM mode. To provide the optimum
compromise between fringe spacing, contrast, and field of view, the
diffraction lens was excited to 65% and the specimen focus adjusted
by changing the height of the specimen. A low dose rate of 0.13
pA nm−2 was chosen in order to limit the specimen damage. A
4k × 4k pixel2 Gatan OneView camera was used to record the
electron holograms. The specimen orientation was finely tuned to be
directly on the [0001] zone axis prior to acquisition, by looking at the
live fast Fourier transform of the hologram and considering the
diffraction spots from the side-bands, which are very sensitive to the
crystal orientation. A series of 89 electron holograms with a field of
view of 33 nm and a fringe spacing of 0.077 nm was acquired, each for
4 s with a dead time of 1 s in-between each. Each fringe was sampled
using 9 pixels to provide a reasonable value of contrast in each
hologram, of 17%, with a mean intensity of 90 electrons detected per
pixel for each individual acquisition. A series of 10 reference
holograms was acquired in vacuum with the same parameters,
immediately after the acquisition of the series of holograms of the
specimen. The data were processed using the Holoview software32

developed at CEA LETI, which aligns the specimen drift, biprism
drift, wavefront drift, and low-order aberration drift to provide
reconstructed phase images with high enough sensitivity to apply
Poisson’s law to calculate the charge density with atomic resolution
(see Supporting Information for more details).

Simulation. Ab initio calculations based on DFT were carried out
using the VASP code.46,47 We used DFT within the generalized-
gradient approximation (GGA) of Perdew, Burke, and Ernzerhof
(PBE).48 The core−valence interaction was described with projector
augmented wave (PAW) data sets including 4s24p65s14d5 and 3s23p4

for Mo and S, respectively. Electron wave functions were expanded in
a plane wave basis set with a kinetic energy cutoff of 400 eV. We first
relaxed the structure of monolayer (ML) MoS2 using a 14 × 14 × 1 Γ-
centered Monkhorst−Pack mesh to sample the Brillouin zone and a
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30 Å vacuum in the c direction (i.e., perpendicular to the ML) to
prevent spurious interactions between periodic images. VS point
defect calculations were performed using a 240-atom orthogonal
supercell with 30 Å vacuum, and the Brillouin zone was sampled at
the Γ point. The VS configuration was relaxed until the residual force
for each atom was less than 0.01 eV·Å−1. The charge density and
potential were then computed on a finer grid with a resolution of
0.025 Å to reconstruct the all-electron maps (i.e., including core
electrons). The contribution of protons was added assuming point
charges at the positions of the nuclei.
Finally, the same low-pass filter (numerical aperture) as for the

reconstruction of holograms (see Supporting Information A) has been
used to convolute the maps modeled by DFT, in order to compare
the simulation to the holography measurements with the exact same
spatial resolution. Indeed the limited spatial resolution of the
measurement induces a spreading of the experimental maps and
thus a damping of the magnitude of their values.
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