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Due to the reduced dimensionality, the properties and func-
tionality of two-dimensional (2D) materials and van  der 
Waals heterostructures are strongly influenced by atomic 

defects such as dopants, vacancies, dislocations, grain boundaries, 
strains, ripples and interfaces1–8. Although aberration-corrected 
electron microscopy and scanning probe microscopy can image 
these materials at atomic resolution, they only provide 2D pro-
jection images or surface atomic structures1,6–10. Atomic electron 
tomography (AET) allows the determination of three-dimensional 
(3D) atomic structure of crystal defects and chemical disorder  
systems11–17, and has recently been advanced to observe crystal 
nucleation at four-dimensional atomic resolution18. However, AET 
has thus far been limited to metallic nanoparticles and needle-
shaped samples. Application of AET to 2D materials is essential for 
accurate 3D atomic structure characterization, but requires three 
obstacles to be overcome. First, these materials are electron-beam 
sensitive and the experiments must be performed with low electron 
doses1,2. Second, due to the geometric constraint of 2D materials and 
their suspended nature, the tilt range of data acquisition is limited in 
aberration-corrected electron microscopy19. Third, the 3D precision 
of experimental atomic coordinates must be on the picometre scale 
so that they can be used as direct input to density functional the-
ory (DFT) calculations to reveal physical, chemical and electronic 
properties20–22. Here, we develop scanning atomic electron tomog-
raphy (sAET) to overcome these limitations and determine the 3D 
coordinates of individual atoms in Re-doped MoS2 monolayers with 
picometre precision. We identify 3D crystal defects such as dopants,  

vacancies and atomic-scale ripples, and measure the 3D bond dis-
tortion and local strain tensor induced by single Re dopants. We 
show that the experimental 3D atomic coordinates can be used as 
direct input to DFT calculations to derive more truthful electronic 
band structures than obtained from conventional DFT with relaxed 
atomic coordinates.

Scanning atomic electron tomography
Doping in semiconductors has been an important tool for tailor-
ing their chemical, optical and electronic properties. However, due 
to the reduced dimensionality, doping in 2D materials is beyond a 
simple substitutional electron donor or acceptor. In Mo-based 2D 
transition metal dichalcogenides (TMDs), for example, Re dopants 
have been identified as a good candidate for n-type doping23,24. A 
high concentration of Re dopants in MoS2 monolayers led to the 
phase transition from a trigonal prismatic (1H) structure to a dis-
torted octahedral (1T’) structure, which increases catalytic activ-
ity25. However, a fundamental understanding of how the early-stage 
phase transition takes place at the atomic scale remains absent. To 
shed light on how single dopants in 2D TMDs perturb their 3D 
local structure and induce local strain tensor, we conducted sAET 
experiments using an aberration-corrected scanning transmission 
electron microscope (STEM), operated at 60 kV with an annular 
dark-field mode (ADF) detector. Two data sets were collected from 
the Re-doped MoS2 monolayer, each consisting of 13 projections 
with small double-tilt ranges at a low dose (Supplementary Figs. 1 
and 2 and Supplementary Table 1).
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After processing the two data sets (Methods and Supplementary 
Figs. 3 and 4), we performed sAET reconstruction of aligned pro-
jections (Fig. 1a). sAET takes advantage of the relationship d / D

N
I

, 
where d is the 3D resolution, D is the size of an object to be recon-
structed and N is the number of projections26. For a small N limited 
by the electron dose, we can improve d by reducing D. Although 
symmetry in the object can also be used to improve resolution27, we 
chose not to apply this constraint because we wanted to determine 
3D crystal defects in 2D TMDs at the single-atom level. To imple-
ment sAET, we partitioned all the projections into small image stacks 
with 3D windows (Fig. 1a); each 3D window was reconstructed by 
the generalized Fourier iterative reconstruction (GENFIRE) algo-
rithm28. All the 3D windows were then stitched together to form a 
full reconstruction, where the overlap volume between neighbour-
ing windows containing artefacts due to boundary effects was dis-
carded (Methods). Extended Data Figs. 1 and 2 and Supplementary 
Video 1 show the reconstructions of data sets 1 and 2, where all the 
Re dopants are direct replacements for Mo atoms. The side-view 
images in Extended Data Fig. 1a (inset) illustrate the intensities of 
Mo, S and Re atoms, with S vacancies indicated by arrows. From 
each reconstruction, the 3D atomic coordinates and chemical spe-
cies were traced, refined and corroborated (Methods, Extended 
Data Figs. 1b and 2b and Supplementary Video 2).

To estimate the 3D precision of the atomic positions, we imple-
mented two independent methods for cross-validation. First, we 
identified the x and y coordinates of the Re and Mo atoms in each 
projection of the data sets using a Gaussian fit (Extended Data 
Fig. 3a), whereas the positions of individual S atoms could not be 
accurately localized from an individual 2D projection due to their 
weak contrast in ADF images. From these 2D coordinates of Re and 

Mo atoms, we used least-square fitting to calibrate the tilt angles 
(Supplementary Table 2) and determine their 3D atomic coordi-
nates (Extended Data Fig. 3b). The Re and Mo atomic coordinates 
are consistent with those obtained by sAET with root mean square 
deviations (RMSDs) of 13 pm and 2 pm, respectively (Extended 
Data Fig. 3c, d). Second, we performed multislice simulations to 
calculate 13 projections from the experimental 3D atomic model 
(Methods and Extended Data Fig. 4). By applying the same recon-
struction, atom tracing and refinement procedures, we obtained a 
new 3D atomic model from the 13 multislice projections with all 
atoms and defects correctly identified. The RMSDs between the 
experimental and new atomic models are 15 pm, 12 pm and 4 pm 
for S, Re and Mo atoms, respectively (Fig. 1b). The 3D precision of 
the Re and Mo atoms is consistent with those obtained by the least-
square fitting method.

To show the advantage of sAET over AET for the 3D reconstruc-
tion of 2D TMDs, we reconstructed the experimental Re-doped 
MoS2 data sets using AET (Fig. 1c). Due to the small tilt range and 
the limited number of projections, all atoms in the AET reconstruc-
tion are elongated along the z axis (the beam direction). This atom 
elongation problem is alleviated by sAET (Fig. 1c), allowing more 
precise determination of the 3D coordinates of individual atoms. To 
demonstrate the applicability of sAET to van der Waals heterostruc-
tures, we performed numerical simulations on the 3D reconstruc-
tion of a MoSe2–WSe2 heterojunction with a 5° rotational mismatch 
between the top and bottom layers. This type of heterostructure 
has recently received considerable attention due to its moiré exci-
ton properties29,30. Using multislice simulations, we calculated a 
tilt series of 15 projections from the heterostructure consisting of 
atomic defects (Methods). From the same data, we reconstructed 
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Fig. 1 | Scanning atomic electron tomography. a, A number of projections were acquired from a 2D material or heterostructure with different tilt angles.  
A 3D window of 60 × 60 × 60 voxels in this case was chosen to locate the corresponding region in each of the 13 projections (red frames). The window was 
scanned along the x and y axes with a step size of 30 voxels (green frames). At each step, the corresponding regions in the projections for each window 
were identified. After all the projections were partitioned into a series of image stacks, the 3D windows were reconstructed from the image stacks and 
stitched together to form a full reconstruction. b, Histograms of the deviation between the experimental and multislice simulation 3D atomic models for 
1,226 S, 15 Re and 611 Mo atoms with the RMSD shown in each histogram. c, sAET and AET reconstructions of an experimental Re-doped MoS2 data set, 
showing that sAET improves the 3D atomic shapes over AET. Scale bar, 5 Å. d, sAET and AET reconstructions of an MoSe2–WSe2 heterostructure with 
moiré patterns from 15 multislice projections. The MoSe2–WSe2 heterostructure has a 5° rotational mismatch between the top and bottom layers. The side-
view image shown here is aligned with the MoSe2 layer and slices through the centre of the Mo and Se atoms with a thickness of 1 Å. A full top view of the 
reconstruction is shown in Extended Data Fig. 5. The 3D precision of determining the Mo, W and Se atomic positions by sAET was estimated to be 8 pm, 
5 pm and 13 pm, respectively, while the atomic shapes in the AET reconstruction are elongated. Scale bar, 5 Å.
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and traced the 3D atomic positions using sAET and AET. Extended 
Data Fig. 5 shows the sAET reconstruction and the traced atomic 
positions in six atom layers, which are in good agreement with the 
original 3D atomic model. The RMSDs between the sAET recon-
struction and the original atomic model are 8 pm, 5 pm and 13 pm 
for Mo, W and Se atoms, respectively. However, the atomic shapes 
in the AET reconstruction are elongated along the z axis (Fig. 1d).  
These results show the unique advantage of sAET over AET to 
determine the 3D atomic positions in 2D TMDs, because these 
materials have much larger x and y dimensions than z dimension. 
The number of projections required by sAET is proportional to the 
thickness of the z dimension. Only when the z dimension reaches 
the same size as the x and y dimensions will sAET have no advan-
tage over AET.

Measuring the 3D bond distortion and local strain tensor
From the experimental 3D atomic coordinates, we observed 
atomic-scale ripples and estimated the standard deviation of the 
Mo and Re atoms along the z axis to be 19 pm and 16 pm for data 
sets 1 and 2, respectively (Fig. 2a,b and Extended Data Fig. 2c,d). 
The magnitude and wavelength of the ripples in Re-doped MoS2 
are within the range of previously reported values31–37. Compared 
with other techniques to characterize ripples in 2D materials31–37, 

sAET is a real-space method that can reveal 3D atomic-scale ripples 
with picometre precision. This high precision allowed us to mea-
sure the 3D bond distortion induced by single dopants. We found 
that the Re–Re pair and the Re–S vacancy pair induce larger dis-
tortion than single Re dopants (Fig. 2c). We determined the Mo–S 
and Re–S bond lengths to be 2.39 ± 0.17 Å and 2.20 ± 0.29 Å, respec-
tively (Fig. 2d). Statistically, the Re–S bond is 19 pm shorter than the 
Mo–S bond. With S vacancies, the opposite Re/Mo–S bond length 
was reduced to 2.02 ± 0.28 Å (Fig. 2d). Although there are only 37 
Re dopants in the two data sets, we found that 10 out of a total of 19 
S vacancies are situated next to the Re dopants, which is due to the 
lower vacancy formation energy of neighbouring Re dopants23–25. 
Furthermore, we also determined the deviation of the bond angles 
from the 1H structure. The angles between the Re–S bonds in the 
same and opposite atomic layer are 85.1 ± 9.4° and 78.5 ± 8.7°, 
respectively, whereas the corresponding angles of the Mo–S bonds 
are 82.6 ± 6.6° and 80.6 ± 4.8°, respectively (Fig. 2e).

Next, we measured the 3D atomic displacements and the full 
strain tensor of the 2D TMD (Methods). Figure 3a–c shows the dis-
placements of the Mo and Re atoms in data set 1 along the x, y and 
z axes, respectively. Figure 3d–i and Extended Data Fig. 6 show the 
six components of the strain tensor in three atomic layers, where we 
observed both the non-local and local strain tensor. The non-local 
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strain was induced by the flexibility and thinness of the 2D TMD 
suspended on a TEM grid. To decouple the non-local and local 
strain tensor, we chose spheres with a radius of 3.16 Å centred at 
Re and Mo atoms in the two data sets. We measured the local strain 
tensor within the spheres and observed that the changes of the  
εxx, εyy and εzz components between the Re and Mo atom spheres  
are 0.82%, 0.82% and 1.15%, respectively, while the changes of the 
εxy, εxz and εyz components are small (Fig. 4).

These results enable us to understand the dopant-induced phase 
transition in MoS2 at the single-atom level. Previous studies have 
reported the phase transition of MoS2 from the 1H structure to the 
1T’ structure with a high concentration of Re dopants23–25. However, 
how the early-stage phase transition initiates at the single dopant 
remains unknown. According to the crystal field theory38, the elec-
tronic structure and preferred phase of TMDs strongly depend on 
the coordination environment of the transition metal and the d elec-
trons38,39. As a group 6 TMD, MoS2 has two non-bonding d electrons 
(d2), which prefer to fill the dz2

I
 orbital of the 1H phase in ambient 

conditions. However, Re has three non-bonding d electrons (d3) and 
tends to form an octahedral phase in a TMD38. The extra d elec-
trons from Re dopants in MoS2 fill higher energy levels of the 1H 
phase (dxy and dx2�y2

I
 orbitals), which destabilizes and distorts the 

1H phase towards an octahedral phase25,39–41. Thus, our experimen-
tal results (Fig. 3 and Extended Data Fig. 6) provide direct structual 
information to understand the dopant-induced phase transition at 
the single-atom level. The local distortion created by Re dopants is 
expected to have important consequences for the electronic proper-
ties of the 2D TMD.

Correlating crystal defects with electronic band structures
To correlate 3D crystal defects with the electronic band structure of 
the Re-doped MoS2 monolayer, we selected four supercells in dif-
ferent regions of data set 1 (Fig. 5e). The experimental 3D atomic 
coordinates of each supercell were used as direct input to DFT to 
determine the effective band structure of each supercell and reveal 
the underlying electronic symmetries via band-unfolding tech-
niques (Supplementary methods). For comparison, the same exper-
imental atomic coordinates were relaxed to obtain the equilibrium 
band structures using DFT (Fig. 5a–d, middle). The band structures 
obtained directly from the experimental coordinates show highly 
distorted indirect band gaps or metal-like behaviour with a large 
number of shadow bands. In contrast, the band structures of the 
relaxed experimental coordinates exhibit direct band gaps with 
considerably reduced shadow bands42. This behaviour is consistent 
throughout the Brillouin zone, as seen in each supercell density of 
states (DOS) shown to the right of each band-structure calculation 
(Fig. 5a–d).

Strain is known to strongly influence the band structure of 2D 
TMDs5,7. To study the effects of the local strain on the band struc-
ture, we calculated the principal strains by solving for the eigenval-
ues and eigenvectors of the strain tensor within each supercell. The 
principal strains of Fig. 5a–d indicate that the increase of the local 
strain breaks the local symmetry and generates more shadow bands 
(Methods and Extended Data Fig. 7). In addition to shadow bands, 
we also observed defect states in the band structure of the supercell 
containing one Re dopant (Fig. 5b left and middle), whereas more 
defect states appear in the band gap of the supercell with two Re 
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dopants (Fig. 5c left and middle). The striking differences between 
the band structures of the experimental and relaxed atomic coor-
dinates suggest that the experimental structure is in a metastable 
state due to the complex strain distribution induced by 3D crystal 
defects and the interactions with the rest of the lattice, while the 
relaxed structure is in the global equilibrium state. The metastable 
structure is feasible, as Re dopants in MoS2 produce defect wave 
functions that delocalize with slowly decaying tails43. This delo-
calization of defect states with increasing concentration in various 
clusters of dopants results in a metastable structure, which clearly 
exhibits different electronic band structures (Fig. 5a–d). To quan-
titatively analyse the band structure, we averaged the DOS of the 
experimental structures in the four supercells (Fig. 5f, black curve), 
where the defect states and shadow bands from different energies 
and regions fill in the band gap. For comparison, Fig. 5f (red curve) 
shows the average DOS of the relaxed structures in the four super-
cells, where defect states due to the Re dopants and S vacancies still 
appear within the band gap, but not to the extent of the average DOS 
of the experimental structures (black curve). As a reference, the 
DOS of the relaxed MoS2 structure is shown in Fig. 5f (blue curve). 
Although the DOS was obtained from four supercells, on the basis 
of the strain maps we expect a similar result if the whole sample is 
used for DOS calculations.

To experimentally study the effect of the band structure, we 
measured photoluminescence (PL) and Raman spectra of Re-doped 
MoS2 and pristine MoS2 monolayers synthesized under the same 
conditions (Supplementary methods, Fig. 5g and Supplementary 
Figs. 5 and 6). After examining several Re-doped MoS2 monolayer 
samples, we found that most of the PL spectra were quenched, with 
no visible peak above the background. Figure 5g (black curve) 

shows the only measured PL spectrum with a very weak exciton 
peak. The scale of the Re-doped MoS2 spectrum relative to the 
background and pristine MoS2 is shown in Supplementary Fig. 5. 
Compared with the pristine MoS2 data (Fig. 5g, blue curve), the 
Re-doped MoS2 spectrum exhibits much lower peak intensity, with 
the peak position only slightly shifted towards lower energies. This 
observation agrees with our effective band-structure calculations 
(Fig. 5f). Each region in Fig. 5 creates defect states within the gap at 
different energies, essentially creating a metal-like DOS. However, 
the density within the gap is relatively low and a semiconductor 
band gap can be realized. From the DOS calculations, we expect 
only a small feature visible in the PL spectrum, as the system is a 
highly distorted indirect-band-gap semiconductor, or metal-like 
behaviour (Fig. 5f). This is consistent with our experimental mea-
surements, as certain regions show a small peak (Fig. 5g) and most 
are quenched spectra. Supplementary Fig. 6 shows the Raman spec-
tra of the Re-doped MoS2 and pristine MoS2 monolayers. For both 
the in-plane and out-of-plane phonon modes, the peak intensity 
measured from Re-doped MoS2 is about one-third of that from pris-
tine MoS2 (Supplementary Fig. 6). The peak intensity reduction in 
Re-doped MoS2 indicates that the long-range order of the 1H struc-
ture of MoS2 has been highly distorted by Re dopants, as confirmed 
by our direct experimental measurements (Figs. 2–4).

Our results demonstrate that doping in 2D TMDs depends not 
only on the concentration, but also on the local bonding character-
istics and the equilibrium phase of the dopants. For example, WS2 
with a few per cent Nb dopants is a p-type direct-band-gap semi-
conductor with a strong PL peak44, whereas both NbS2 and WS2 have 
the 1H structure. However, MoS2 with a similar Re dopant concen-
tration exhibits a quenched PL spectrum (Fig. 5g), whereas MoS2 
has the 1H structure and ReS2 has the 1T’ structure. The difference 
in local bonding and equilibrium phase of the dopants appears to 
account for these stark differences in doping effects at similar con-
centrations. Furthermore, at a sufficiently lower dopant concen-
tration (0.3%), Re-doped MoS2 is a simple n-type direct-band-gap 
semiconductor, whereas the PL peak shifts towards higher ener-
gies and there is no loss in peak intensity relative to pristine MoS2  
(ref. 44). Although the overall structural phase transition from the 
1H to 1T’ structure for Re-doped MoS2 takes place around 40–50% 
doping25,45, our results indicate that the effects on electronic proper-
ties induced by dopants occur at far lower concentrations.

Outlook
We developed sAET to determine the 3D atomic coordinates of 2D 
TMDs with picometre precision. We identified 3D crystal defects 
such as dopants, vacancies and ripples, and measured the 3D 
bond distortion and local strain tensor induced by single dopants. 
We used the experimental 3D atomic coordinates as direct input 
to DFT to reveal the electronic band structures of the 2D TMD, 
which were corroborated by PL measurements. Compared with 
other techniques that can image the 3D structure of graphene from 
only one or two images34,46,47, both our experimental and numerical 
simulation results demonstrate that sAET is a more general method 
to determine the 3D atomic coordinates of 2D materials and  
van der Waals heterostructures with high precision. Furthermore, 
the combination of sAET and ptychography is expected to improve 
the 3D precision of localizing individual atoms and reduce the  
electron dose48,49.

Our study reveals that single Re dopants in MoS2 can create 3D 
local bond distortion and induce a local strain tensor. Due to the 
reduced dimensionality, the local strain along the z axis was mea-
sured to be larger than that along the x and y axes (Fig. 4). To engineer 
2D TMDs with desired physical, chemical and electronic proper-
ties at the atomic scale, it is important to characterize and control 
the atomic structure in three dimensions. Furthermore, we show 
the necessity and importance of directly providing experimental  
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dopants. a–f, Histograms of the distribution of the six strain components: 
εxx, εyy, εzz, εxy, εxz and εyz around Mo (purple) and Re (black) atoms. To 
decouple the non-local and local strain tensor, spheres with a radius of 
3.16 Å were chosen centred at the Mo and Re atoms. The distributions of 
the six strain components within the Mo atom spheres were determined to 
be εxx = 0.06 ± 0.45, εyy = −0.28 ± 0.48, εzz = −0.73 ± 1.54, εxy = 0.38 ± 0.32, 
εxz = 0.12 ± 0.72 and εyz = −0.21 ± 0.69, whereas the distributions of the 
six strain components within the Re atom spheres were estimated to 
be εxx = −0.76 ± 0.67, εyy = −1.1 ± 0.77, εzz = −1.88 ± 1.75, εxy = 0.41 ± 0.49, 
εxz = −0.1 ± 0.78 and εyz = 0.02 ± 0.77. The changes of the εxx, εyy, εzz, εxy, εxz 
and εyz components between the Re and Mo atom spheres are 0.82%, 
0.82%, 1.15%, 0.03%, 0.22% and 0.23%, respectively.
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3D atomic coordinates to DFT to reveal electronic properties of a 
2D TMD in metastable states, whereas ab initio calculations relying 
on relaxed 3D atomic models can only predict electronic properties 
of the equilibrium state. With the increase of computational power 
in the future, the complete set of experimental 3D atomic coordi-
nates, determined by sAET and deposited in the Materials Data 
Bank (www.materialsdatabank.org), can be used as direct input to 
DFT to correlate crystal defects with the electronic, optical, trans-
port and chemical properties of 2D materials and heterostructures. 
We anticipate that sAET, coupled with DFT and the Materials Data 
Bank, will not only represent an important advance of ab initio cal-
culations to better understand the structure–property relationship, 
but also provide feedback to materials engineering at the single-
atom level.
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Methods
Synthesis of Re-doped MoS2 monolayers. Molybdenum oxide powder (99%, 
Sigma Aldrich), sulfur powder (99.5%, Sigma Aldrich) and ammonium perrhenate 
(99%, Sigma Aldrich) were used as precursors for chemical vapour deposition 
growth45. A selected ratio of molybdenum oxide and ammonium perrhenate 
was added to an alumina boat with a Si/SiO2 (285 nm) wafer cover. The furnace 
temperature was ramped to 550 °C in 15 min and then kept at 550 °C for another 
15 min for the growth of the Re-doped MoS2 alloy materials. We found the films 
to show a doping concentration of roughly 3%. Sulfur powder in another alumina 
boat was placed upstream, where the temperature was roughly 200 °C. After 
growth, the furnace was cooled to room temperature using natural convection. 
The growth process was carried out under 50 sccm argon at atmospheric pressure. 
The Re-doped MoS2 flakes were transferred to 3-mm Quantifoil TEM grids by spin 
coating the samples with poly(methylmethacrylate) to support the flakes, and then 
were etched with KOH to release the flakes from the substrates. The sample was 
dipped into acetone for 2 h to wash away the poly(methylmethacrylate) and then 
baked in vacuum at 10−3 Pa and 160 °C.

Tomographic data acquisition of 2D TMDs. Two data sets, each consisting of 13 
projections, were acquired from different regions of a Re-doped MoS2 monolayer 
using a Nion UltraSTEM 100 aberration-corrected STEM (Supplementary Table 1).  
Images were collected at 60 kV in ADF-STEM mode50,51. The beam convergence 
semi-angle was 30 mrad and the detector collection angle was in the range of 
30–300 mrad, where a small detector inner angle was chosen to reduce the electron 
dose. The energy spread of the electron beam was 0.3 eV. A double-tilt sample 
holder was used to collect the data sets (Supplementary Table 2). To reduce the 
total electron dose, ten images per angle were measured with a beam current of 
15 pA and a dwell time of 4 μs per image. To monitor any potential structural 
changes induced by the electron beam, the first and last projections of each data 
set were compared to ensure that no noticeable structural changes were observed 
during data acquisition (Supplementary Fig. 2).

Drift correction. To reduce the sample drift effect on data acquisition, we took ten 
STEM images for each tilt angle and aligned them using the following procedure. 
First, we chose a region of 300 × 300 pixels from the first image as a reference. Next, 
a region of 200 × 200 pixels from the next image was cropped and scanned over 
the reference image with a step size of 0.1 pixel to calculate the cross-correlation 
coefficients. The maximum cross-correlation coefficient corresponds to the relative 
drift between the two images. Typically, the drift between two neighbouring images 
is less than 1 pixel. By repeating this process, the relative drift for all ten images was 
determined and an overall drift vector was calculated. With the drift vector, we 
applied scan distortion correction by assuming that the drift vector is uniformly 
distributed along the slow-scan direction during STEM image acquisition. Thus, 
the drift for each pixel in the image was determined and a drift-corrected image 
was formed by interpolating the non-corrected image onto the drift-corrected pixel 
positions. After applying drift correction, we averaged the ten images to obtain a 
final image for each tilt angle.

Image denoising. The raw ADF-STEM images contain mixed Poisson and 
Gaussian noise, and a block-matching and 3D filtering (BM3D) algorithm was 
applied to denoise the average image of each tilt angle52. Two different sets of 
denoising parameters were applied for the BM3D: one is the exact noise level 
estimated from the experimental images (termed BM3D 100%), and the other is 
obtained by doubling the estimated noise level (termed BM3D 200%). There are 
two reasons for the use of BM3D 100% and 200%. First, this allows us to cross-
validate the reconstructions with different denoising parameters. Second, the 
BM3D 100% reconstruction provides better contrast between the Re, Mo and S 
atoms, while BM3D 200% produces better reconstruction for the S atoms. All these 
post-processing and denoising methods have been previously demonstrated to be 
robust for dealing with ADF-STEM images14,16–18.

Angle calibration and 3D coordinate fitting of the Re and Mo atoms. The 
nominal angles were measured using a Nion double-tilt stage (Supplementary 
Table 2). After denoising each projection, we determined the x and y coordinates of 
each Re and Mo atom by fitting a 2D Gaussian in a 5 × 5 pixel region. According to 
a geometric relation, the x and y coordinates of the Re and Mo atoms in each data 
set change as a function of the tilt angle. To calibrate the tilt angles and determine 
the 3D coordinates of the Re and Mo atoms, we used the least-square method to 
minimize the following equation:

E ¼
X

i

X

j

Px ri; αj; βj
 

� xji
h i2

þ Py ri;αj; βj
 

� yji
h i2 

ð1Þ

where Px and Py are the functions of projecting the 3D coordinates of the Re and 
Mo atoms to the x and y coordinates in the projections, respectively, ri is the 
3D coordinates of the ith Re or Mo atom, αj and βj are the tilt angles of the jth 
projection and xji and yji are the measured x and y coordinates of the ith atom in the 
jth projection, respectively. By minimizing E, we calibrated the tilt angles of the 13 
projections (Supplementary Table 2) and obtained the 3D coordinates of all the Re 

and Mo atoms in each data set (Extended Data Fig. 3). This least-square  
fitting method is robust and produces consistent results regardless of different 
initial inputs.

Deconvolution for vibrational correction. Due to the high length/thickness ratio 
and the free-standing structure, we observed that the 2D TMD suffered from 
vibrational blurring along the direction perpendicular to the TEM grid during 
data acquisition. The vibrational blurring is equivalent to convolving the images 
with a kernel and can be removed through deconvolution if the blurring kernel is 
known. In this experiment, the blurring kernel was estimated on the basis of the 
fact that all atoms should be spherical. We performed deconvolution using the 
following procedure. First, we interpolated each experimental image by a factor 
of 2 with linear interpolation and cropped a region of 100 × 100 pixels without Re 
dopants. Second, a MoS2 model of the same experimental tilt angle was used to 
create a reference image of the same size as the cropped experimental image but 
with spherical atoms. The reference image was normalized and aligned with the 
experimental image. Third, a vibrational kernel was constructed by adjusting the 
vibrational direction, vibration amplitude and Gaussian blurring. The experimental 
image was deconvolved with the constructed kernel using the Lucy–Richardson 
algorithm53,54 and compared with the reference image. A brute-force process was 
conducted until an optimal kernel was obtained, creating the best match between 
the experimental and reference images. Finally, the optimal kernel was applied 
to the whole experimental image using the Lucy–Richardson algorithm. The 
deconvolved image was binned to be its original scale. A comparison between 
before and after deconvolution is shown in Supplementary Fig. 3.

Image partition and reconstruction with sAET. To implement sAET, we chose 
a 3D window of 60 × 60 × 60 voxels and scanned it along the x and y axes with 
a step size of 30 voxels. This step size offsets each partition to include a 30-
voxel overlap between neighbouring partitions on each side. At each step, the 
corresponding regions from all 13 projections in each data set were cropped and 
grouped into an image stack. Each image stack consists of 13 images with varied 
shapes, corresponding to the projection of the 3D window along different tilt 
angles. After a full 2D scan was completed, all the projections were partitioned 
into image stacks. All the image stacks were aligned and reconstructed in parallel 
by the GENFIRE algorithm28. Each GENFIRE reconstruction used a 33-voxel 
support along the z axis and ran 1,000 iterations. Due to the extended nature of the 
2D TMD along the x and y axes, the reconstruction of each image stack contained 
artefacts near the boundary. To remove these artefacts, we stitched together only 
the central 30 × 30 × 33 voxels of the reconstructed windows to produce a full 
3D reconstruction. By applying this partition and reconstruction procedure, 
we obtained the full 3D reconstructions of both the BM3D 100% and 200% 
projections of each data set.

Initial localization of 3D atomic coordinates and species. The 3D atomic 
coordinates and species of the 2D TMD were initially traced from the 3D 
reconstructions using the following procedure. We first identified all local maxima 
in the BM3D 200% reconstruction of each data set. Starting from the highest-
intensity local maximum peak, we cropped a 1.71 × 1.71 × 1.71 Å3 (5 × 5 × 5 
voxel) volume with the selected local peak as the centre. We fitted the volume 
with a 3D Gaussian function described elsewhere16–18. If a fitted peak position 
was a minimum distance of 1.6 Å away from any previously fitted peak (that 
is, a minimum-distance constraint), we added it to a list of potential atoms. By 
applying the 3D Gaussian fitting algorithm to all the identified atoms, we obtained 
a complete list of potential atom positions. These positions were manually checked 
to correct for unidentified or misidentified atoms due to fitting failure or areas 
with connected intensity blobs from multiple atoms. We then assigned the atomic 
species on the basis of the 3D intensity distribution of the traced potential Re, Mo 
and S atoms.

Refinement of 3D atomic coordinates and species and identification of S 
vacancies. The traced 3D atomic coordinates and species were refined by the 
following procedure. First, each experimental image of BM3D 100% was converted 
to Fourier slices Fj

obs qð Þ
I

 with j = 1, …, 13 using the fast Fourier transform. Next, 13 
Fourier slices were calculated with the atomic model using

Fj
calc qð Þ ¼

XNa

n¼1

H fe qð Þe
�B0q2

4 �2πirn q ð2Þ

where Na is the number of atoms, H is the scaling factor for different atomic species, 
the B′ factor accounts for the electron-probe size, the missing wedge and the 
thermal motion of each atomic species, fe(q) is a normalized electron scattering 
factor and rn is the 3D position of the nth atom. An error function was then 
calculated using

E ¼
X13

j¼1

X

q

Fj
obs qð Þ � Fj

calc qð Þ



2

ð3Þ

which was minimized with respect to the rn by a gradient descent method16–18.
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From the refined 3D atomic model, we developed an atom pair flipping 
method to identify the S vacancies, which consists of the following four steps. First, 
we randomly chose a pair of S atoms between the top and bottom atomic layers. 
For each selected S pair, projection images were calculated for all the tilt angles by 
flipping the pair among four cases: (1) both atoms are S, (2) both are vacancies,  
(3) the top is a S atom and the bottom is a vacancy and (4) the top is a vacancy and 
the bottom is a S atom. Four atomic models were generated according to the four 
cases, with the same H and B′ factors. Second, four sets of 13 projections with the 
experimental tilt angles were calculated from the atomic models. An R1 factor was 
computed between measured and calculated projections,

Rj
1 ¼

P
x;y f jobs x; yð Þ � f jcalc x; yð Þ



P

x;y f jobs x; yð Þ



ð4Þ

R1 ¼
P

j R
j
1

13
ð5Þ

where f jcalc x; yð Þ
I

 and f jcalc x; yð Þ
I

 are the jth measured and calculated projections. 
As flipping a pair of atoms only affects a small cylindrical volume for each tilt 
angle, we only calculated a small area of projection along a cylindrical volume 
containing the atom pair. By comparing the R1 factor among the four cases, the one 
with the smallest error R1 was chosen and updated in the atomic model. Third, we 
repeated the first two steps for all the S atom pairs and obtained an updated 3D 
atomic model. A global scale factor was calculated for the updated atomic model to 
minimize the error between the measured and calculated projections. Fourth, we 
iterated steps one to three for all the S atom pairs until there was no change in the 
atomic species. The atom pair flipping method was robust and converged after a 
few iterations for both data sets. After identifying all the S vacancies, we refined the 
3D atomic coordinates once more using equations (2) and (3).

Dynamic refinement of the S atoms near the Re atoms. Due to the use of a 
low-energy electron beam (60 keV) and a small detector inner angle to reduce the 
electron dose, we observed the dynamic scattering effect of the Re atoms (see the 
next section for details), which influenced some nearby S atoms. We implemented 
a brute-force approach to perform dynamic refinement of these Re and S atoms. 
We first identified those S atoms near the Re atoms that either violated a minimum 
distance of 1.6 Å (caused by the refinement) or deviated from the S atomic layer 
more than 1 Å. There were 11 and 13 such S atoms in data sets 1 and 2, respectively. 
For each of these S and Re atoms, we performed a 3D scan of its position with a 
range of ±40 pm along the x and y axes and ±120 pm along the z axis. The step 
sizes are 20 pm, 20 pm and 30 pm along the x, y and z axes, respectively. At each 
scanning step, we used multislice simulations to calculate 13 projection images 
40 × 40 pixels in size at different tilt angles and computed the R1 factor relative to 
the measured images. The S atom in the atomic model was updated to the  
position corresponding to the minimum R1 factor. We repeated this dynamic 
refinement procedure for all the S atoms whose positions were influenced by 
nearby Re atoms.

Multislice simulations for precision estimation. We performed multislice 
simulations to estimate the 3D precision of the atomic coordinates and species55,56. 
The experimental atomic model was placed in a rectangular supercell. The 
supercell was divided into multiple 2-Å slices along the z axis, and the x–y plane 
was discretized into 1,920 × 1,920 pixels. The same experimental parameters 
were used for the multislice simulations (energy, 60 keV; the third order spherical 
aberration C3, 0 mm; the fifth order spherical aberration C5, 5 mm; convergence 
semi-angle, 30 mrad; detector inner angle, 30 mrad; detector outer angle, 
300 mrad). Each STEM image was generated by a raster scan in the x–y plane with 
a step size of 0.34 Å. For each tilt angle, we averaged 12 phonon configurations to 
obtain a projection image. The image was convolved with a 5 × 5-pixel Gaussian 
kernel (σ = 1.0) to account for the electron-probe size, thermal vibrations and 
other incoherent effects. The mixture of Gaussian and Poisson noise determined 
from the experimental images was added to the multislice images (Extended Data 
Fig. 4). From the 13 multislice images of data set 1, we used the same imaging 
processing, sAET reconstruction, atom tracing and refinement procedures to 
obtain a new 3D atomic model. By comparing it with the experimental 3D atomic 
model, we found that all the atom species were correctly identified, including all 
S vacancies. The RMSDs of the S, Re and Mo atoms were 15 pm, 12 pm and 4 pm, 
respectively (Fig. 1b).

Next, we performed multislice simulations using the same parameters except 
for changing the detector inner angle to 50 mrad. We added Gaussian and Poisson 
noise to the multislice projections with the same electron dose and obtained 
another 3D atomic model. In comparison with the experimental atomic model, 
all the atom species were correctly identified and the RMSDs of the S, Re and 
Mo atoms were 18 pm, 3 pm and 3 pm, respectively. Compared with the 30-mrad 
detector inner angle results, the RMSD of the Re atoms is decreased due to the 
reduced dynamic scattering effect, while the RMSD of the S atoms is increased due 
to the weaker intensity in the 50-mrad detector inner angle case.

Measurement of the 3D strain tensor of Re-doped MoS2. The strain tensor was 
determined from the experimental 3D atomic coordinates using a procedure 
described elsewhere16. The experimental atomic model of each data set was least-
square fitted to an ideal MoS2 model. The displacement vectors, Δu, were calculated 
as the difference in the atomic positions between the experimental and ideal 
models. Each displacement component (Δx, Δy, Δz) was interpolated to a cubic 
grid through kernel density estimation57. A 3D Gaussian kernel with σ = 3.16 Å was 
convolved with the displacement fields, which increases the precision of the strain 
tensor measurement, but reduces the resolution. The six components of the strain 
tensor of the two data sets are shown in Extended Data Fig. 6.

To determine the principal strain of the four supercells in Fig. 5, we calculated 
the average strain tensor within each supercell and then solved for the eigenvalues 
and eigenvectors of the average strain tensor. The principal strain and three 
corresponding directions are [0.4%, −0.23%, −1.15%], [0.86, 0.20, 0.47], [0.15, 
0.79, −0.60] and [−0.49, 0.58, 0.65] for supercell A, [0.5% −1.00%, −0.60%], 
[−0.87, −0.37, −0.32], [−0.48, 0.75, 0.44] and [0.08, 0.54, −0.84] for supercell B, 
[0.14%, −0.71%, −1.58%], [0.93, 0.37, 0.04], [−0.37, 0.92, 0.10] and [0.00, −0.11, 
0.99] for supercell C and [−0.04%, −1.84%, 1.35%], [−0.92, −0.20, 0.34], [−0.26, 
0.95, −0.15] and [0.30, 0.23, 0.92] for supercell D.

Data availability
The raw and processed experimental data and all the MATLAB source codes for 
the image reconstruction and data analysis will be freely available at www.physics.
ucla.edu/research/imaging/sAET immediately after this work is published. The 
experimental 3D atomic coordinates of the two data sets will be deposited in the 
Materials Data Bank (MDB, www.materialsdatabank.org), with their MDB IDs 
provided in Supplementary Table 1.
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Extended Data Fig. 1 | 3D atomic coordinates and crystal defects in data set 1. a, Top view of the 3D reconstruction of data set 1. The inset shows  
the side view of MoS2 (panel 1), MoS2 with a Re dopant and a S vacancy (panel 2), and MoS2 with 3 S vacancies (panel 3), where arrows indicate the 
vacancies. Scale bar, 1 nm and scale bar (inset), 2 Å. b, 3D atomic model of the bounded region in (a), consisting of 1381 S, 686 Mo and 21 Re atoms  
with 15 S vacancies.
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Extended Data Fig. 2 | 3D atomic coordinates and crystal defects in data set 2. a, Top view of the 3D reconstruction. Scale bar, 1 nm. b, 3D atomic model 
of the bounded region in (a), consisting of 1083 S, 531 Mo and 16 Re atoms with 4 S vacancies. c, 3D plot of the Mo/Re layer showing atomics-scale 
ripples, where the dots represent the Mo/Re atoms. d, Histogram of the distribution of the z coordinates of the Mo/Re atoms in data set 1 with a standard 
deviation (σ) of 0.16 Å.
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Extended Data Fig. 3 | least square fitting to determine the 3D coordinates of the re and Mo atoms. a, The x and y coordinates of the Re and Mo atoms 
were localized from the aligned projections of each data set. b, From these 2D coordinates, the tilt angles were calibrated and the 3D coordinates of the Re 
and Mo atoms were determined for each data set. The 3D atomic coordinates are consistent with those obtained by sAET with a RMSD of 2 pm and 13 pm 
for Mo (c) and Re (d) atoms, respectively, where a total of 1176 Mo and 32 Re atoms was used in the statistical analysis. Scale bar, 1 nm.
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Extended Data Fig. 4 | Multislice simulation results. a, The experiment image versus the multislice image of the same region. b and c, The intensity 
profiles corresponding to labelled regions 1 and 2 in (a), where the high, medium and low intensity peaks represent the Re, Mo and S atoms, respectively.
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Extended Data Fig. 5 | Numerical simulations on the sAeT reconstruction of a MoSe2-WSe2 heterostructure with moiré patterns. a, Top view of the 
3D reconstruction of double-layered heterostructure from 15 multislice projections with a double tilt range from −25° to +25°. b, Top view of 3D atomic 
model obtained from (a), where a 5˚ rotational mismatch between the top and bottom layers is visible. c, 6 atomic layers of the 3D reconstruction in the 
square region in (a), where atomic defects in each layer are labelled as blue circles. d, 6 atomic layers of the 3D model in the square region in (b), where 
traced defects are shown as red circles. The RMSD between the sAET reconstruction and the original atomic model is 8 pm, 5 pm and 13 pm for Mo, W 
and Se atoms, respectively.
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Extended Data Fig. 6 | Full 3D strain tensor of data set 1 (a) and data set 2 (b). The six strain components are shown from left to right columns, and the 
three atomic layers are displayed from top to bottom. Scale bar, 2 nm.
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Extended Data Fig. 7 | Strain tensor maps of εxx (a), εyy (b), εzz (c) of the Mo/re layer in the four supercells used in DFT calculations. The four 6×6×1 
supercells labelled with (a), (b), (c) and (d) correspond to those in Fig. 5e. Scale bar, 2nm.
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