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ABSTRACT: Simultaneous imaging of individual low and
high atomic number atoms using annular dark ﬁeld scanning
transmission electron microscopy (ADF-STEM) is often
challenging due to substantial diﬀerences in their scattering
cross sections. This often leads to contrast from only the high
atomic number species when imaged using ADF-STEM such
as the Mo and 2S sites in monolayer MoS2 crystals, without
detection of lighter atoms such as C, O, or N. Here, we show
that by capturing an array of convergent beam electron
diﬀraction patterns using a 2D pixelated electron detector
(2D-PED) in a 4D STEM geometry enables identiﬁcation of
individual low and high atomic number atoms in 2D materials
by multicomponent imaging. We have used ptychographic phase reconstructions, combined with angular dependent ADFSTEM reconstructions, to image light elements at lateral (nanopores) and vertical interfaces (surface dopants) within 2D
monolayer MoS2. Diﬀerential phase contrast imaging (Div(DPC)) using quadrant segmentation of the 2D pixelated direct
electron detector data not only qualitatively matches the ptychographic phase reconstructions in both resolution and contrast
but also oﬀers the additional potential for real time display. Using 4D-STEM, we have identiﬁed surface adatoms on MoS2
monolayers and have separated atomic columns with similar total atomic number into their relative combinations of low and
high atomic number elements. These results demonstrate the rich information present in the data obtained during 4D-STEM
imaging of ultrathin 2D materials and the ability of this approach to extract unique insights beyond conventional imaging.
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some amount of amorphous carbon surface residue arising
from the organic solvents and polymers used in the processing,
or by impurity atmospheric adsorbates. Importantly, if a
nanopore is completely blocked, it is no longer useful, and if a
nanopore is only partially blocked, this will reduce the
nanopore size giving rise to a diﬀerent behavior when used
as a separation membrane. Therefore, the ability to image both
low atomic number elements such as carbon, as well as high
atomic number elements such as Mo or W in TMDs, is
essential for future nanopore design in TMD materials.

n the past decade, 2D transition metal dichalcogenides
(TMDs), including MoS2 and WS2, have shown potential
use in ultrathin electronic devices due to their tunable band
structure, ﬂexibility, transparency, and scalable production
using chemical vapor deposition (CVD) methods.1−3 These
materials form atomically thin crystals with surface areas up to
the centimeter scale, making them suitable for applications that
require a large speciﬁc surface area. This includes, for example,
loading of catalytically active particles, edge-decorated and
surface-bound functional groups for sensors, and the use of
nanopores in a membrane for desalination and DNA
translocation.4−8 The latter nanopores in 2D crystals can be
created by electrochemical reactions, oxygen plasma etching,
ion beam irradiation, and in situ electron beam engineering.9−15 However, even under the high vacuum conditions in
the electron microscope, 2D materials are often covered with
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Figure 1. (a) Schematic of 4D-STEM data acquisition. (b−g) Various reconstructions from a 4D data set, superimposed on a ED pattern, where
the circles indicate virtual detector inner and outer collection angles and shadowed regions indicate summed areas. BF: bright ﬁeld. DPC:
diﬀerential phase contrast. CoM: center of mass. ABF: annular bright ﬁeld. LAADF: low angle annular dark ﬁeld. HAADF: high angle annular dark
ﬁeld. Scale bar indicates 40 mrad. (h) Optical image of CVD-grown MoS2 (purple triangular-shaped domains) on an in situ heating chip. Scale bar
indicates 40 μm. (i) ADF-STEM image of a MoS2 crystal covering a slit on a Si3N4 support ﬁlm. Scale bar indicates 1 μm. (j) ADF-STEM image of
a monolayer MoS2 lattice. Scale bar indicates 1 nm.

Annular dark ﬁeld scanning transmission electron microscopy (ADF-STEM) has been used extensively to discriminate
metal and chalcogen atom columns and to provide structure
details of S vacancies and edge terminations in 2D TMDs.
However, it is challenging to simultaneously image light atoms
in the presence of heavy ones using this geometry. Bright ﬁeld
phase contrast imaging is sensitive to the presence of light
atoms, but the intensity is strongly dependent on specimen
thickness and inner electrostatic potential. For these reasons,
phase contrast images are often not easily interpreted and
generally rely on postacquisition image simulation against
various experimental parameters and structural models.
Collecting far ﬁeld electron diﬀraction (ED) patterns from a
set of STEM probe positions using a fast 2D pixelated direct
electron detector (2D-PED) allows the recording of data sets
suitable for both ptychographic and ADF-STEM reconstruction simultaneously. This requires the 2D-PED to have fastreadout and high dynamic range with single electron
sensitivity.16,17 Figure 1a shows the geometry of a typical 4D
STEM data acquisition in which the 2D-PED operates in
conjunction with an ADF detector. The beneﬁt of capturing
the full ED pattern is that it allows various postacquisition
reconstructions (Figure 1b−g) including bright ﬁeld (BF),
annular bright ﬁeld (ABF), annular dark ﬁeld (ADF), electric
ﬁeld maps, phase retrieval (ptychography), diﬀerential phase
contrast (DPC), and integrated diﬀerential phase contrast
(iDPC). In turn, this wide variety of signals that can be
synthesized enables the construction of interpretable elemental
maps, which are essential for diﬀerentiating sublattice sites,
vacancies and dopants, and the local projected electric ﬁeld,
giving insight into the local electrostatic properties.18−21 Phase
contrast images, which have been used extensively in both
optical and transmission electron microscopy, represent the

local projected potential. Ptychographic phase reconstruction
has been has been successfully applied using various algorithms
including Wigner distribution deconvolution (WDD)22−24 and
extended phase iterative engines (ePIE).25
The 4D STEM geometry has recently been used to study
various materials including single Au atoms, SrTiO3, DyScO3,
GaN, graphene, and MoS2.17,21,26−29 However, the correlation
of the CoM shift and projected electric ﬁeld requires a
specimen thickness of ∼1−2 nm, and therefore, 2D materials
are intrinsically suitable for studies using this technique. For
the speciﬁc case of TMDs, 4D STEM can be used to monitor
tunable electronic properties as a function of stacking, doping,
electron beam induced defect formation, and in situ heating
and biasing (Figure 1h−j). In this paper, we demonstrate the
use of 4D STEM for imaging light elements in form of carbon
surface adatoms and monolayer ﬁlms within TMDs, providing
the possibility for real-time imaging of defect evolution based
on diﬀerential phase contrast.
Results and Discussion. Surface carbon residues are
typically found on all 2D materials and can further increase
locally during STEM imaging.30 This carbon-based contamination is either due to residue from the transfer process
(organic solvent) or from the microscope vacuum. There is
some evidence from previous studies to suggest that the latter
is important, where it was shown that surface carbon redeposits
on samples subject to heating and subsequent cooling in the
TEM vacuum.31,32 Figure 2a shows a typical image of MoS2
with monolayer regions of surface carbon adsorbate. Two
nanopores have been drilled in this region using the STEM
probe. However, it is hard to detect if the amorphous carbon
covers these nanopores or if they are open. For pores that are
partially covered (Figures 2b,c), the amorphous carbon within
the pores shows slightly higher intensity than the vacuum. In
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Figure 2. Low-magniﬁcation ADF-STEM images of MoS2 with carbon contamination. (a) Drilled nanopores surrounded by amorphous carbon
contamination. To aid visualization, regions with carbon (higher contrast) are delineated from clean regions by red dotted lines. The convergence
semiangle used was 31.5 mrad, camera length 16 cm, detector collection angle 49.5−198 mrad, probe size estimated to be 1.9 Å. (b) Nanopore
partially covered with a carbon layer and (c) magniﬁed view of this pore in false color showing internal atoms. (d) Multiframe ADF-STEM images
showing a nanopore partially covered with a carbon layer and (e) the same region displayed with false color, for visualization of the carbon lattice.
(f) Schematic 3D view of surface carbon covering a nanopore in MoS2. For panels a, b, d, and e, the scale bar indicates 1 nm; for panel c, the scale
bar indicates 0.5 nm.

(Figure 4a), which gives a value close to that for a C−C bond
in a hexagonal carbon ring (0.14 nm). A similar defective
carbon monolayer lattice has also been observed in a
conventional aberration corrected phase contrast TEM image
(Figure 4g). Multislice simulations of the reconstructed phase
(Figure 4b)33,34 qualitatively agree with the experimental data
(Figure 4a) as do the ABF reconstructions, which also show
sensitivity to light elements, but they fail to reach suﬃcient
resolution at low magniﬁcation (Figure S1).35 Simulations of
the BF, ABF, and div(DPC) are shown in Figure 4d−f. The
div(DPC) simulation, Figure 4f, shows simultaneous imaging
of both the carbon lattice and the MoS2, with phase values
qualitatively similar to those in the reconstructed phase shown
in Figure 4b.
In Figure 5, we examine regions where the carbon
monolayer ﬁlms are on the surface and also where they bond
directly to the edge of the MoS2 (Figure S2). The
ptychographic reconstructed phase image, Figure 5a, shows

addition, multiframe averaging helps to resolve the carbon
lattice because of the improved signal-to-noise (Figures 2d,e).
Figure 2f shows a schematic illustration of a nanopore in MoS2
covered with carbon monolayer.
Figure 3 shows reconstructions from 4D data sets of MoS2
and WS2 with nanopores (reconstruction details are given in
the Supporting Information). In the reconstructed low angle
ADF (LAADF) images (Figure 3a,e), both lattices are clearly
resolved with atomic sites in bright contrast and regions inside
the holes as dark contrast. Reconstructed BF images (Figure
3b,f) show reversed contrast but provide similar information.
However, in the reconstructed ABF image, regular features are
observed inside the MoS2 hole (Figure 3b), which are more
pronounced in the reconstructed phase (Figure 3d). In
contrast, the WS2 hole (Figure 3h) is apparently clean.
The structure visible within the MoS2 nanopore is due to
residual surface carbon and is conﬁrmed by measuring the
bond length (0.15 nm) using the MoS2 lattice as a reference
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Figure 3. 4D STEM reconstructed data recorded at 700 °C from (a−d) MoS2 and (e−h) WS2 both with a hole. For MoS2, the convergence
semiangle used was 39.1 mrad, camera length 6 cm, probe size estimated to be 1.5 Å. (a) LAADF reconstructed using a 40−60 mrad collection
angle, (b) BF using a 0−39 mrad collection angle, (c) ABF using a 27−39 mrad collection angle. For WS2, a convergence of 30.6 mrad was used,
camera length 6 cm, probe size estimated to be 1.9 Å. (e) LAADF reconstructed using a 40−60 mrad collection angle, (f) BF using a 0−30 mrad
collection angle, (g) ABF using a 30 mrad collection angle. Scale bar indicates 1 nm and applies to panels a−c and d−f, respectively.

Figure 4. (a) Reconstructed ptychographic phase from 4D STEM data. (b) Multislice simulation of the reconstructed phase based on the atomic
model in panel c. (c) Crystal model. (d−f) Multislice simulations of BF, ABF, and div(DPC) based on the atomic model in panel c. (g) Bright ﬁeld
phase contrast TEM image of a nanopore in MoS2 ﬁlled with a defective carbon monolayer. (h) Line proﬁle of the intensity taken from the boxed
region indicated in panel a, ﬁtted with Gaussian functions to locate the peak centers used to measure the Mo-2S distance. (i) Line proﬁle taken
from the boxed region indicated in panel a with the C−C distance measured. All the scale bars indicate 1 nm. Convergence semiangle is 39.1 mrad,
camera length 6 cm, probe size estimated to be 1.5 Å.
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Figure 5. (a) Ptychographic phase image and (b) CoM shift of a carbon monolayer bridge across a gap in MoS2 reconstructed from the same data
set and (c) simultaneous HAADF image. False color gem LUT was used for better contrast. (d, e) Zoomed-in regions in blue and yellow boxes in
panel a, respectively, using false color LUT spectrum to visualize the uneven and random distribution of carbon on MoS2 in panel c, which caused
distortion in phase image, and the clean MoS2 in panel d. (f) Zoomed-in region in white box in panel a, showing detailed information on the carbon
bonded with MoS2 lattice. Scale bar in panel a indicates 1 nm and applies to panels b and c. Scale bars in panel d indicate 0.5 nm and apply to panel
e. Scale bar in panel f indicates 0.5 nm. Convergence semiangle is 30.6 mrad, camera length 20 cm, probe size estimated to be 1.9 Å.

the carbon and MoS2 lattices together, while the CoM shift
map, Figure 5b, shows uniformity of the MoS2 signal in the
bottom section (yellow box) indicating it is free from surface
carbon in this area. The top section of MoS2, (blue box) shows
signal variations that are due to randomly orientated
disordered carbon on the surface. This is seen more clearly
in Figure 5d and e, where the two regions are compared. The
simultaneous HAADF image, Figure 5c, enables the position of
Mo and 2S sites to be determined due to Mo having higher

signal than 2S. The high-magniﬁcation image in Figure 5f
reveals the carbon bonding directly to the Mo rich edge.
The divergence of the center of mass shift (div(CoM)) is
also capable of resolving the carbon lattice. The DPC and
CoM shifts share some similarities as they both quantify the
distribution of the electrons inside the BF disk and can be
directly related to the local electromagnetic ﬁeld.36 Thus,
div(DPC) and CoM shift are linearly related to the local
charge density through Poisson’s equation,21 whereas the
reconstructed phase is related to the projected electrostatic
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those shown in Figure 7. To understand this, we have
simulated images of structures with both light surface adatoms
including C, N, and O, which are common contaminates inside
the microscope column, and heavy surface adatoms. Figure 7e,f
and Figure S3g−l show simulations of a C adatom sitting on
top of a 2S site demonstrating good qualitative agreement with
the experimental data (Figures 7i,j), in which the site of the
adatom adsorption exhibits lower contrast compared to the
Mo atom under HAADF conditions but higher contrast under
LAADF conditions. For the second case where a O adatom is
located on top of a Mo atom (Figure 8), the experimental and
simulated data show that the HAADF contrast never drops
below that due to a single Mo site, but under LAADF
conditions, the contrast increases signiﬁcantly. Finally, for the
third case where a heavy adatom sits on top of a heavy Mo
atom (Figures 9 and S5), the experimental and simulated data
show that the contrast from the adatom site is always higher
than that due to a single Mo atom under both LAADF and
HAADF conditions. Overall, these three cases show that it is
possible to use 4D STEM and the angular dependency of the
LAADF/MAADF conditions to discriminate atomic columns
with light−light, light−heavy, and heavy−heavy adatom
combinations. High angle annular dark ﬁeld (HAADF)
imaging provides quantitative analysis when the collection
angle is suﬃciently high (for inner collection angle βin > 3α)
because the electrons in this angular range are incoherently
and elastically scattered by the atomic nucleus. This gives rise
to a HAADF signal intensity that has nonlinear dependence on
the atomic number (I ≈ Z1.7). At low scattering angles, the
signals are produced by more complex scattering mechanisms,
and the intensity can no longer be simply expressed as a power
law function of Z.
Finally, we have explored the potential for local electric ﬁeld
(EF) imaging around atoms reconstructed from 4D STEM
data to diﬀerentiate adatoms on TMDs. Prior work on 4D
STEM of MoS2 and WS2 has demonstrated EF imaging around
single atoms and its sensitivity, showing the triangular patterns
of signal located around the atomic nucleus.26,42 The ﬁeld
drops to zero close to the midpoint between the Mo and 2S
atoms. Figure 10a shows the 2D projected EF map of the
adatom also shown in Figure 7, which is compared to density
functional theory (DFT) calculated EF maps based on a
carbon and an oxygen adatom, respectively (Figure 10b and c,
DFT method described in the SI). Although the DFT results
provide an accurate prediction of the shape and magnitude of
the EF, they are unable to diﬀerentiate C and O adatoms, while
on the basis of simulations ADF imaging can distinguish these
(Figure S6). The diﬀerence between the DFT and
experimental EF is likely due to scan distortion during
acquisition that is hard to completely eliminate. Furthermore,
two adatoms as seen in Figures 8 and 9 can be detected in
ADF data (Figure 10e), and their respective low-magniﬁcation
electric ﬁeld maps are shown in Figure 10h, where the adatom
site appears brighter compared to the equivalent lattice sites.
However, analysis of the EF signals for these two adatoms,
(Figure 10i,j) shows minimal diﬀerence, and they cannot be
diﬀerentiated. This indicates that while EF is able to provide
suﬃcient contrast to identify the presence of adatoms, it is
unable to diﬀerentiate columns with similar total atomic
numbers arising from diﬀerent combinations of light and heavy
atoms.
Conclusions. We have demonstrated the use of 4D STEM
to reconstruct multiple imaging contrast methods for the

potential and is an indication of local charge distribution.
Hence, both yield a qualitative charge density map, as shown in
Figure 6c and d. The image in Figure 6d can be computed
signiﬁcantly faster than the phase reconstruction, and this
opens up the possibility for real time display.

Figure 6. Nanopore in MoS2 ﬁlled with a carbon layer reconstructed
from 4D STEM data. (a) LAADF reconstructed using a 40−60 mrad
collection angle. (b) ABF using a 27−39 mrad collection angle. (c)
Ptychographic reconstruction of the phase. (d) Div(DPC). Scale bar
indicates 1 nm and applies to Panels a−d. Convergence semiangle is
39.1 mrad, camera length 6 cm, probe size estimated to be 1.5 Å.

Next we examine light atoms on the surface of TMDs. High
angle annular dark ﬁeld (HAADF) STEM imaging shows
contrast that is quantitative in Z if the collection angle is
suﬃciently high. However, this makes the imaging of light
atoms challenging, especially in the presence of heavy
elements. To overcome this while maintaining high resolution,
LAADF-STEM has been used extensively in detecting defect
structures, for example, oxygen vacancies in SrTiO3, Ce3+ in
CeO2, light dopants, and vacancies with depth sensitivity in the
presence of strain contrast.37−41
4D STEM is ideal for exploring the angular dependence of
ADF image contrast as capturing the whole ED pattern allows
postacquisition reconstruction. From Figure 7a, it can be seen
that for monolayer MoS2, an extra atom is located at a 2S site,
most likely as a surface adatom or dopant and appears brighter
in the reconstructed LAADF image than the adjacent Mo
atom. However, the intensity at this site intensity drops
signiﬁcantly with increasing detector angular range (Figures
S3b−e) until it is not detected under HAADF conditions
(Figure 7b). The presence of such an adatom is also not
obvious in the reconstructed phase (Figure 7c), where the
column shows only slightly higher contrast.
Other bright adatoms/dopants have been observed in
LAADF images at both the 2S site (Figure 8a) and Mo site
(Figure 9a). However, in these images, the diﬀerence in
contrast varies less as a function of increasing collection angle
(Figures S4 and S5), suggesting diﬀerent adatom species to
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Figure 7. Surface adatom (indicated by red arrows) on 2S site in a MoS2 lattice. (a) LAADF reconstruction using a 40−60 mrad collection angle.
(b) Simultaneous HAADF image. (c) Phase reconstruction (method in the SI). (d) Crystal model of a C adatom on 2S site where the red arrow
indicates the adatom position. (e) Simulated LAADF and (f) HAADF images and (g) phase contrast image based on the boxed regions in the
crystal model in panel d. (h) Side view of crystal model in panel d. (i) Line proﬁles of the boxed region in panel a and corresponding regions in
panel b and Figure S3b−d (intensities were normalized to the peak intensity of the Mo atom). (j) Line proﬁles of the boxed region in the simulated
ADF images in (e, f, and Figure S3h−j) (intensities were also normalized to the peak intensity of ﬁrst Mo atom). (j) Side view of the model shown
in panel d. Scale bar indicates 0.5 nm and applies to panels a−d. Convergence semiangle is 39.1 mrad, camera length 6 cm, probe size estimated to
be 1.5 Å.

Figure 8. Surface adatom (indicated by red arrows) at a 2S site in MoS2 showing a diﬀerent intensity trend compared to Figure 7. (a)
Reconstructed LAADF image and (b) HAADF image with collection angles indicated. (c) Phase reconstruction. (d) Crystal model showing a Mo
atom and a C atom at a 2S site with inset the side view of this model. (e) Line proﬁles from the boxed regions in panels a and b (normalized to the
peak intensity of a Mo atom). (f) Line proﬁles of boxed regions shown in simulated ADF images (Figures S4f,j) (normalized to the peak intensity
of a Mo atom) based on the crystal model in panel d. Convergence semiangle is 39.1 mrad, camera length 6 cm, probe size estimated to be 1.5 Å.
Scale bar indicates 0.5 nm and applies to panels a−d.
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Figure 9. Surface adatom (indicated by red arrows) at a Mo site in MoS2 showing diﬀerent intensity behavior comparing to the data in Figure 7.
(a) Reconstructed LAADF image and (b) HAADF image with collection angles indicated. (c) Phase reconstruction. (d) Crystal model showing an
adatom at a Mo site with inset the side view of this model. (e) Line proﬁles of boxed regions in panels and b (normalized to the peak intensity of a
Mo atom). (f) Line proﬁles of the boxed region shown in simulated ADF images (Figures S5f,j) (normalized to the peak intensity of a Mo atom)
based on crystal model in panel d. Convergence semiangle is 39.1 mrad, camera length 6 cm, probe size estimated to be 1.5 Å. Scale bar indicates
0.5 nm and applies to panels a−d.

Figure 10. ADF images and electric ﬁeld maps reconstructed from a 4D STEM data set compared with DFT calculations. The electric ﬁeld maps
were scaled to match the value from pristine area to that of DFT calculations. (a) Electric ﬁeld map of a light adatom (described in Figure 7) at a 2S
site compared with a DFT calculation of the electric ﬁeld due to (b) carbon and (c) oxygen adatom on a 2S site, based on the model in panel d.
Scale bar indicates 0.25 nm and applies to panels a−d. (e) ADF STEM image reconstructed with a 60−200 mrad collection angle. Scale bar
indicates 0.5 nm and applies to panels e and h. (f, g) Models of the boxed regions in panel e. (h−j) Electric ﬁeld maps corresponding to the marked
region in panel e and to the models in panels f and g, respectively, with false color used to emphasize the higher EF intensities at adatom sites. The
triangular shaped electric ﬁelds around each atom are indicated in panels i and j. Convergence semiangle is 39.1 mrad, camera length 6 cm, probe
size estimated to be 1.5 Å.

allows the detection of both light elements such as C atoms
along with heavier Mo and W atoms. We have further showed
how analysis of the angular dependent scattering can detect the

detection and identiﬁcation of single light and heavy atoms in
2D monolayer samples. Using ptychographic phase reconstructions, combined with LAADF, and HAADF images,
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potential via differential phase contrast using electrons. Ultramicroscopy 2015, 159, 124−137.
(20) Lazić, I.; Bosch, E. G. T.; Lazar, S. Phase contrast STEM for
thin samples: Integrated differential phase contrast. Ultramicroscopy
2016, 160, 265−280.
(21) Müller-Caspary, K.; Krause, F. F.; Grieb, T.; Löffler, S.;
Schowalter, M.; Béché, A.; Galioit, V.; Marquardt, D.; Zweck, J.;
Schattschneider, P.; Verbeeck, J.; Rosenauer, A. Measurement of
atomic electric fields and charge densities from average momentum
transfers using scanning transmission electron microscopy. Ultramicroscopy 2017, 178, 62−80.
(22) Bates, R. H. T.; Rodenburg, J. M. Sub-Angström transmission
microscopy: A fourier transform algorithm for microdiffraction plane
intensity information. Ultramicroscopy 1989, 31, 303−307.

composition of surface adatom sites comprised of multiple
elements of diﬀerent atomic number. This imaging approach
could be extended further to other interfaces that involve
carbon materials and heavier elements. In addition, the ability
to detect carbon ﬁlling of nanopores could assist in future
studies of edges and nanopores for applications in membranes
and other devices.
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