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Supplementary Note I. Polar angle dependence of imaging contrast 

The SEM contrast depends on both the azimuthal and polar angle of the incident electron beam, 
since these determine whether the electrons can channel through open “cavities” in the lattice. The 
SEM data for graphene in Fig. 1 is collected at a polar angle of 𝜃 = 24°, since this approximately 
corresponds to the interlayer displacement of one carbon-carbon bond length per layer, thus 
enabling complete channeling for particular azimuthal angles. This is exemplified in Figure S1a,b, 
which shows strong domain contrast at 𝜙=0o due to complete channeling through the ABC-stacked 
domain, and no contrast at 𝜙=60o, where neither domain exhibits optimal channeling conditions. 
Moving away from 𝜃 = 24°, complete channeling is not possible at any azimuthal angle, thus 
causing weaker domain contrast and less dependence on azimuthal angle (Figure S1c,d). However, 
the contrast re-appears near 𝜃~41° (Figure S1e,f), because this angle corresponds to a 
displacement of two bond-lengths per layer. In this case, the signal exhibits a 60° phase shift in 𝜙 
relative to that at 𝜃 = 24°, as expected from the symmetry of the lattice (Figure S1, insets). In 
general, optimal channeling can occur for 𝜃 = tan (𝑛 𝑎/𝑑), where n is an integer, 𝑎 is the bond 
length and d is the interlayer spacing.   

 

 
Figure S1: Polar angle variation. a-f, SEM images of few-layer graphene containing ABA- and 
ABC-stacked regions, at different polar (𝜃 = 24°, 33°, 41°) and azimuthal (𝜙 = 0°, 60°) angles. 
Schematics show channeling paths for ABA (red) and ABC (blue) stacking order at the different 
angle combinations. Since 𝜃 = 24°(41°) corresponds to a shift of one (two) carbon-carbon bond 
lengths per layer, these polar angles enable complete channeling in the ABC region (causing bright 
SEM signal), but at different azimuthal angles. Less contrast is observed at 𝜃 = 33°, since this 
does not correspond to an integer number of bond lengths. 
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Supplementary Note II. Modelling of SEM signal 

Our observations can be understood from a simple, semi-classical model of channeling physics1,2. 
For TMD bilayers encapsulated in lighter elements with lower secondary yield (such as the devices 
shown in Figs. 2 and 3 in the main text), contrast mainly results from the difference in direct 
secondary generation in the bilayer. Hence, it is sufficient to model the secondary emission as 
proportional to the scattering probability in the bilayer in order to reconstruct an azimuthal 
dependence that closely resembles the experimental data (Fig. 2c). Few-layer graphene (Fig. 1), 
on the other hand, has a lower secondary yield than the SiO2 substrate and therefore produces a 
“negative” signal, in the sense that enhanced channeling through the top layer and into the substrate 
increases overall detected secondary yield. In this scenario, we model the yield as proportional to 
the transmission probability and accurately recover the dominant features of ABA/ABC stacked 
few-layer graphene (Fig. 1g).  

To compute primary electron transmission, atomic nuclei for the 2D material of interest are 
represented as points in 3D. Owing to the translational symmetry of the lattice, we consider 
incoming electrons across a hexagonal region corresponding to one lattice cell. A set of 10,000 to 
250,000 coordinates within the hexagon is selected as entry points for the electron beams into the 
material, either at random with uniform probability or via a uniform grid.  For each value of polar 
and azimuthal angle, a line through each point is considered, and the distance between the line and 
every lattice atom (i.e., the impact parameter, b) is calculated. A transmission probability of the 

form 1 −
( / )

 is then taken, with the product over all lattice atoms giving the overall transmission 

probability for the line in question. Averaging over all lines then gives the overall transmission at 
the given θ and φ. Notably, though we only consider transmission across one lattice cell, the tails 
of the scattering probability mean that we must consider atoms outside of a one-cell-wide path. 
Typically, calculations were done considering atoms up to 4 inter-atomic distances away from the 
electron beam. 

The calculations for Figs. 1g and 2d in the main text were performed using empirical values of 
A=0.1 and B=0.18 Å. Computations for ABA/ABC graphene in Fig. 1 were performed for 5 layers 
stacked in ABCAB and ABABA orderings, using 100,000 lines within the lattice cell, with Monte 
Carlo coordinates. WSe2 AB/BA computations were performed with 100,000 lines arranged on a 
grid, and verified with an equivalent model using 250,000 Monte Carlo generated lines. To 
represent the difference in atomic number in the WSe2 lattice, the tungsten atoms were modelled 
as two overlapping selenium atoms. Notably, the computed output that most closely resembles the 
data is at a polar angle of 43o rather than 40o at which the data was taken. This is most likely due 
to differences in interlayer spacing in AB/BA stacked TMD compared to the natural AA’ stacking 
lattice constants used for the computation. The MoSe2 computation in Figure S18 was performed 
with a grid of 100,000 lines, at a polar angle of 27.5o and reproduces the periodicity but differs in 
some features. The difference could be attributed to the simplification of the multilayer to a model 
of only the top two layers, and also potential differences in secondary yield between molybdenum 
and selenium. Attenuation effects due to the 10 nm gold encapsulation may also play a role. 
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Figure S2: Computational modeling of SEM imaging. Parallel primary beams (black lines) 
are positioned at Monte Carlo generated positions within an area corresponding to one unit cell, 
and their transmission probability through the lattice is calculated using a Lorentzian shaped 
scattering potential (inset) at each atom site. 

 

Supplementary Note III. Distinguishing multilayer polytypes  
 
While the stacking order of thin (2-3 layer) flakes is typically easy to determine based on the 
symmetries of their SEM azimuthal dependence, this becomes more challenging in thicker flakes 
due to the possibility of mixed polytypes. Nevertheless, pure and mixed polytypes are still 
expected to exhibit somewhat different channeling conditions. For instance, a multilayer graphene 
structure with pure ABC stacking will present fully open channels, which cause a 120o periodic 
component with higher amplitude than a mixed polytype with less pronounced channels. 
Computational modelling of pure and mixed stacking orders in 5-layer graphene demonstrates 
substantial contrast between pure ABC stacking and other polytypes (Figure S3), and suggests that 
the domain observed in Fig. 1e-i has pure ABC-stacking, not a mixture. For increasingly thick 
structures it becomes more challenging to identify with certainty a pure polytype, though the 
relative amplitude of channeling at 60o and 120o periodicities provides some indication of the 
degree of purity. 
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Figure S3: Modelling signal from 5-layer graphene polytypes. Computational model of pure 
ABABA and ABCAB stacking orders along with the mixed ABABC ordering in graphene, 
modelled at θ = 24o

.  
 
Supplementary Note IV. Representative Raman spectra for multi-layer graphene  
In Figure S4, we show representative Raman spectra from the ABA- and ABC-stacked regions of 
the few-layer graphene flake investigated in Fig. 1e-i. Consistent with Ref.3, the 2D Raman peak 
for 532 nm (2.33 eV) excitation is shifted to lower wavenumbers for ABC stacking compared to 
ABA stacking. 
 
 

 
 

Figure S4: Representative Raman spectra for ABC stacking (a) and ABA stacking (b) in four 
different locations within each domain.  
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Supplementary Note V. Dependence of SEM signal on acceleration voltage and hBN 
thickness 

A key feature of our technique is the ability to image 2D materials fully encapsulated in hBN, 
which is known to enhance both optical and electronic properties4. In Figure S5, we explore the 
dependence of the SEM contrast on hBN thickness, by imaging a heterostructure composed of a 
stepped WSe2 flake under a perpendicularly stepped hBN flake. An optical image of the sample 
and the hBN thickness profile (acquired with AFM) are shown in Figure S5a. As with general 
secondary electron techniques, the depth to which we can image is determined not by the total 
penetration of the primary beam (typically on the order of microns) but rather by the ability of 
secondary electrons to escape the material. Increasing the acceleration voltage increases the energy 
of the secondary electrons5, corresponding to a greater imaging depth, as illustrated in Figure S5b. 
At primary energies below 1.5 keV (left) the secondary electrons are only collected from the top 
layers of hBN, with no WSe2 signal through hBN thicker than ∼10 nm. At an energy of 3 keV 
(right), the imaging depth exceeds the thickness of the heterostructure, revealing the complete 
thickness variation in the hBN and underlying WSe2. Increased imaging depth, however, reduces 
individual layer contrast, as can be seen in the mono-, bi- and tri-layer WSe2 steps along the right 
edge of the image. Nevertheless, at a reasonable acceleration voltage, monolayer steps in the TMD 
are clearly visible through more than 27 nm of hBN. 

To determine the visibility of different stacking orders through increasingly thick hBN 
encapsulation, we consider the azimuthal angle dependence from natural AA’-stacked WSe2. The 
azimuthal dependence of the bi- and tri-layer SEM signal for different hBN thicknesses and the 
corresponding contrast (root mean square amplitude) are displayed in Figure S5c-e, respectively. 
Due to the crystalline nature of the top hBN, the raw secondary yield of the bilayer is convolved 
with channeling effects in the hBN. Yet, we can conveniently correct for this convolution by 
dividing by the secondary yield from an adjacent region of equal hBN thickness but without 
underlying TMD (further details in Supplementary Note VI). We observe that the contrast indeed 
decreases with hBN thickness, but nevertheless persists through to 27 nm. Our ability to resolve 
signals at large depth is mainly limited by uncertainty in this background deconvolution, as the 
amplitude of the channeling effect in thick hBN significantly exceeds that of the bilayer. Spatially 
resolvable contrast, for instance between AB/BA domains in a bilayer, can of course be imaged 
directly without such compensation. Since 27 nm thick top-layer hBN is sufficient for most device 
applications, our observations suggest that our technique is applicable to a wide range of 
encapsulated vdW heterostructures. 
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Figure S5: Acceleration voltage and hBN thickness dependence of SEM contrast. a, Optical 
image of a naturally stepped WSe2 flake stacked underneath a stepped hBN flake. Inset: AFM of 
stepped hBN thickness. b, SEM images of the sample in a at 1.5 keV (left) and 3 keV (right) 
primary acceleration voltage. Tuning the primary voltage alters the secondary electron energy 
spectrum, allowing for greater escape depth at higher acceleration voltage. For 1.5 keV, the escape 
depth is ∼10 nm, restricting collected secondary signal to the hBN. At 3 keV, the depth exceeds 
30 nm, revealing the underlying stepped WSe2 structure. c,d, Azimuthal angle dependence of 
secondary yield from bilayer (c) and trilayer (d) WSe2 under varying thickness of hBN. The curves 
are normalized by dividing by the yield of bare silicon oxide underneath an equal thickness of 
hBN. e, RMS amplitude of the modulation signal for bi- and tri-layer WSe2 (red and blue squares, 
respectively) as a function of encapsulating layer thickness. Our data indicate that domain contrast 
in bilayer TMDs is resolvable even through 27 nm of hBN. 
 
Supplementary Note VI. Background compensation of SEM data 

During azimuthal angle dependent measurements, there can be fluctuations in the level of 
secondary emission due to effects such as substrate charging and angle-dependent channeling of 
the encapsulant or substrate. For systems with natural contrast, such as AB/BA domains in 
graphene or twisted WSe2, we compensate for these effects by normalizing to the mean of the two 
regions. In the case of materials without domain contrast, such as AA’ stacked natural WSe2 
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bilayers, we instead normalize the SEM signal to that of only the encapsulant and substrate. Figure 
S6 shows the azimuthal dependence for the bilayer part of the device discussed in Figure S5, before 
and after compensating for channeling in the top encapsulation.  

 

Figure S6: Compensation for channeling effects through top hBN. a,b, Azimuthal dependence 
of SEM signal from bi-layer TMD under hBN of varying thickness, before (a) and after (b) 
compensation for channeling effects in the hBN. We note that b is also shown in Figure S5. 
 
 
Supplementary Note VII. Procedure for co-alignment of SEM imaging and optical 
measurements. 

In order to correlate the moiré wavelength with our optical measurements, we co-align an SEM 
image of the device (Figure S7a) with a photoluminescence (PL) intensity scan (Figure S7b). The 
latter is obtained by spatially sweeping a 660 nm laser (1.88 eV) using galvo mirrors, and collecting 
the PL emission for wavelengths greater than 700 nm (<1.77 eV). The SEM and PL images are 
co-aligned (Figure S7c) based on features with easily identifiable PL signal. A good example is 
surrounding monolayer WSe2 regions (dotted blue lines in Figure S7), which exhibit a substantially 
stronger PL signal and are also easily identifiable in the SEM images. After aligning, the galvo 
mirrors are used to select spots with known position relative to the original PL scan, where we 
perform gate-dependent optical experiments.  
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Figure S7: Co-alignment of SEM and photoluminescence device images. a, SEM image of a 
twisted TMD device (D2). Dashed blue line indicates the border of features recognizable in both 
PL and SEM. b, Photoluminescence intensity scan showing that the twisted TMD area is darker 
than the surrounding monolayer TMD section. Once the scan is performed, one can select any spot 
within the sample to perform optical measurements. c, Overlaid PL and SEM images, which allow 
for correlation of moiré periodicity with optical signal. 

 

Supplementary Note VIII. Comparison of PL and absorption spectroscopy 

We also conduct gate-dependent absorption spectroscopy of device D4, shown as the derivative of 
differential reflection in Figure S8a (PL spectra are shown in Figure S8b for comparison). While 
interlayer exciton absorption is too weak to be observed, we observe strong absorption features 
from the intralayer excitons6,7. This is consistent with our assignment of the intralayer excitons to 
the momentum direct K-K transition. 

The doping dependence observed in absorption measurements is also consistent with PL. While 
the type I exciton exhibits much stronger doping effects (blue-shift and weakening of neutral state) 
than the type II exciton at the onset of the p-doped regime, the type II exciton exhibits stronger 
doping effects at the onset of the n-doped regime. In the n-doped regime, the type I exciton also 
shows clear signs of doping, as expected from the fact that the electrons are more delocalized than 
the holes. The absorption spectra also show the red-shifted charged exciton states that were 
observed in PL.  
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Figure S8: Comparison of absorption and photoluminescence spectra. a, Derivative of 
differential reflectance vs. gate voltage in device D4, showing strong intralayer exciton absorption, 
consistent with the momentum direct K-K transition. b, Corresponding gate-dependent 
photoluminescence spectra from device D4.  

 

Supplementary Note IX. Extracting energy splitting between the exciton species 

In order to extract the different energy scales, we fit the gate-dependent PL spectra with a double 
Lorentzian of the form:  

𝐼(𝐸) =
( ) /

+
( ) /

, 

where 𝐴 ( ), 𝐸 ( ) and Γ ( ) are the amplitude, resonance energy and linewidth of peak I(II). In 

some devices, the doped and neutral excitons are found to coexist at the transition between the 
doping regimes. Moreover, in D2 the charged type I exciton peak extends out of the p-doped 
regime, likely due to localized charge (defect) states, as previously observed8-12. In these cases, we 
fit the spectra with a triple Lorentzian. 

Figure S9 shows fitting examples for device D1-D3 in the three doping regimes, and Figure S13 
displays the full gate dependence of the extracted values of 𝐸  and 𝐸  in D1-D4 and D6. The red-

shifts, 𝐸 ( )
( ), of the type I(II) exciton due to interactions with holes (electrons) are extracted from 

the change in 𝐸  and 𝐸  at the onset of doping (Figure S13).  
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Figure S9: Peak fitting in different doping regimes. a-c, Photoluminescence spectra (light blue 
lines) from devices D1 (a-c), D2 (d-f) and D3 (g-i) in the p-doped, intrinsic and n-doped regimes. 
In a,c,d,i,g, the spectra are fit with double Lorentzians (black), with contributions from the type I 
(II) excitons shown in maroon (orange). In b,e,f,h the positively charged type I exciton is observed 
even outside the p-doped regime (dashed maroon), likely due to localized charge defects. We 
therefore fit with a triple Lorentzian (black). The extracted peak splittings are 36 meV, 16 meV 
and 10 meV in a-c, and 36 meV, 16 meV and 9 meV in d-f, 35 meV, 16 meV and 10 meV in g-i. 
 
Supplementary Note X. PL measurements of additional devices  
In order to confirm the reproducibility of the observed two-peak structure, as well as the 
disappearance of the higher energy (type II) exciton in the small-domain regime, we have 
conducted PL measurements in a total of 10 devices with a wide range of twist angles. Consistent 
with the picture presented in the manuscript, we find that the two-peak structure: 

-is not visible in any of our large (5o, 17o and 22o) twist angle devices (Figure S10a-c). 

-is visible in some spots (but not everywhere) in intermediate twist angle (2o-4.5o) devices (Figure 
S10d-f), in good agreement with our results from the 2.5o twisted device (D2) presented in Fig. 3 
in the main text. 
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-persists everywhere in all small angle (<1o) devices (Figure S10g-i), consistent with the data 
shown in Figs. 3 and 4 in the main text.  

 

Figure S10: Photoluminescence measurements of devices with varying target twist angle in 
the intrinsic regime. The higher energy (type II) exciton is not observed in large angle devices 
(a-c), appears sporadically in intermediate twist angle devices (d-f), and is seen everywhere in 
small angle devices (g-i). 
 
Supplementary Note XI. Prevention of interlayer contamination 

In order to minimize interlayer contamination, we first clean the Si/SiO2 substrates with acetone, 
isopropyl alcohol and then O2 Plasma (100 W for 10 min). Next, the 2D material flakes are 
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exfoliated with low-residue scientific tape, and the hBN flakes are vacuum annealed at high 
temperatures (>200°C). Finally, all stacks are assembled using the pick-up technique13-15, in which 
the flakes only come in contact with each other, and not with any polymer or solvent (except for 
the top part of the top flake). All flakes are engaged slowly at temperatures exceeding 100 °C, 
which is known to effectively reduce interfacial contamination as shown in Ref16. We also do the 
final transfer step at even higher temperatures (T=150-180 oC), which has been shown to further 
remove interlayer contamination17. 

Due to these measures, the majority of the contamination features observed in our SEM images 
(red boxes in Figure S11a) are not between the TMD layers, but rather on top of the heterostructure. 
Additional SEM images show that similar features are observed in all parts of the sample (red 
boxes in Figure S11a), and even on single (not stacked) flakes (Figure S11b). The latter 
observation unambiguously indicates that these contamination features must be on the top surface, 
and not within the heterostructure. Since the flakes were confirmed to be pristine prior to stacking 
via AFM, we expect that the top surface contamination arises from the polycarbonate/PDMS stamp 
used for stacking. The top surface contamination is most visible in regions that are otherwise 
uniform, such as the left side of device D2, where the moiré domains are very small and not 
resolvable. In the right region of D2, on the other hand, the top surface contamination is seen as a 
modulation of the moiré contrast, because it lightly distorts the SEM signal. Similar variation in 
moiré contrast due to top surface contamination is also observed in device D1 (Figure S11c,d), and 
we also observe the surface contamination in AFM (Figure S11e). We note that the top surface 
contamination is separated from the TMD bilayer by both hBN and a screening graphene gate, and 
is thus not expected to affect its optoelectronic properties. 

We also observe some “bubble”- and “wrinkle”-like features in our devices (Figure S11a,f,g). As 
can be seen from the zoomed-out SEM image in Figure S11a, these also appear outside the twisted 
TMD region, and some features even extend across the twisted TMD boundary. Based on these 
observations, we expect that many of these features are not due to contamination between TMD 
layers, but rather on other interfaces within the heterostructure. Nevertheless, a few of the features 
may be between the TMD layers, and even features on TMD-hBN interfaces may affect the 
optoelectronic properties. In between such features, we observe that the heterostructure is very flat 
(Figure S11a,h).We therefore used the SEM images to make sure that the inspected locations avoid 
major features and show clear moiré domains.  
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Figure S11: Contamination analysis. a, Zoomed-out SEM image of device D2. Red boxes show 
zoomed-in, contrast-enhanced versions of top surface contamination, and include a 200 nm scale 
bar. In the reconstructed moiré region (top right), top surface contamination causes variation in 
moiré contrast. b, SEM image of a single hBN flake, showing the same type of surface features. 
c,d, Variation in moiré contrast due to surface contamination is also observed in D1. e, Top surface 
contamination can also be seen with AFM. f,g, AFM images of device D1, including height (f) 
and phase (g) profiles. Blue dashed lines indicate twisted bilayer region. h, AFM height profile of 
region indicated by white box in f. Inset: Histogram of height profile, showing rms roughness of 
~300 pm. 
 
Supplementary Note XII. Linear vs circular polarization measurements 

In order to illustrate the important difference between linearly and circularly polarized PL 
measurements, we compare the two in the p-doped regime in Figure S12 (device D3). While the 
DOLP of the type I exciton is very close to zero, the DOCP is very high for both exciton species. 
This suggests that the reduced DOLP is not simply due to enhanced valley depolarization, but 
rather a valley decoherence effect, as predicted in our theoretical picture.  
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Figure S12: Comparison of DOLP and DOCP. a,b, Orange: Line cuts of DOLP (a) and DOCP 
(b) at 𝑉 = −10 V. Blue: Co- and cross-polarized emission components (solid and dashed curves). 
 
Supplementary Note XIII. Doping dependence of additional small-angle devices 

Figure S13 displays gate-dependent photoluminescence spectra (top) and extracted peak splittings 
(bottom) from the small-angle devices D1, D2, D3, D4 and D6, which all show very similar 
behavior. We here list the main common features, which are explained in the main text: 

-In the p-doped regime, the type I exciton intensifies, broadens and red-shifts more than the type 
II exciton. 

-At the onset of the n-doped regime, both exciton types red-shift, but the type II exciton red-shifts 
more. 

-The splittings are (±3 meV) 35 meV, 15 meV and 10 meV in the p-doped, intrinsic and n-doped 
regimes, respectively. 

 
Figure S13: Doping dependent PL measurements of additional devices. a-e, Gate dependent 
photoluminescence from devices D1, D2, D3, D4 and D6 (left to right). Green lines show the 
extracted peak positions from double or triple Lorentzian fits. The dashed green line in b indicates 
that the charged type I exciton emission persists into the intrinsic regime, likely due to localized 
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charge defects. The width of the intrinsic regime varies due to differences in contact quality and 
hBN thickness. f-j, Peak splitting calculated from green lines in a-e. Dashed horizontal lines 
highlight that the splitting is very similar across all five devices. 
 
Supplementary Note XIV. DOLP measurements of additional small-angle device 
To confirm the reproducibility of the DOLP results shown in Fig. 5, we conduct equivalent 
measurements of device D3 (Figure S14) and observe the same behavior.   

 

Figure S14: DOLP measurements in device D3. a, Gate-dependent PL spectra from device D3. 
b, Corresponding DOLP, showing the same behavior as device D1 presented in the main text. c,d, 
Photoluminescence (blue) and corresponding DOLP (orange) at 𝑉 = −10 V (c) and 𝑉 = 7 V (d). 
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Supplementary Note XV. Density functional theory 

Electronic properties of 3R-stacked (AB/BA) bilayer WSe2 were computed using the Quantum 
ESPRESSO plane-wave DFT package18,19 with fully relativistic norm-conserving 
pseudopotentials and the Perdew-Zunger LDA parametrization. The cutoff energy used was 60 
Ry, and the Brillouin-zone was sampled with a 15x15x1 Monkhorst-Pack k-points mesh. A 30 Å 
vacuum region was added to avoid interactions between repeated images. 

 

 

Figure S15: Density functional theory calculations of AB (3R) stacked WSe2 bilayers. a, 
Calculated band structure for 3R-stacked WSe2 bilayers, with indicated Γ, K, and Q points. b, Top: 
electron density plots of the same-spin K-point valence and conduction bands, showing that the 
wavefunctions are localized in different layers and around the tungsten atoms. Below: calculated 
energy differences from the plot in a. c, Top: electron density plots of the conduction band minima 
at the Q point showing that the wavefunctions are more delocalized between the two layers than 
at the K point. Bottom: calculated dipole moments indicate that the wavefunctions at the Q points 
are still slightly preferentially localized in one of the two layers. 
 
Supplementary Note XVI. Lateral exciton motion model 

Assuming a thermalized ensemble of excitons, we estimate the distance that an exciton moves 

before recombining as ℓ = 𝑘 𝑇/𝑀 ⋅ 𝜏 ∼ 10 − 100 nm,  where 𝑘  is the Boltzmann constant, 
𝑀 ∼ 0.8 𝑚 20 is the exciton translational mass, and T=4 K is the exciton temperature. Since the 
intralayer excitons are short-lived (𝜏 ∼ 1 − 10 ps)21,22, the lifetime is expected to be comparable 
to the mean free scattering time, 𝜏 . Their motion should therefore be between the diffusive (ℓ
∝ 𝜏 𝜏 ) and ballistic (ℓ ∝ 𝜏 ) regimes, and the two pictures give similar estimates ( 𝜏 𝜏 ∼

𝜏 ). We also note that the exciton temperature can be slightly elevated due to laser heating. 
Nevertheless, since we use a low-power continuous wave laser and have not observed any heating-
induced exciton peak shifts, we expect that the exciton temperature remains below 10 K, thus not 
impacting the conclusions in the main text. 
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Supplementary Note XVII. Exciton properties in the small-domain limit 

As the moiré wavelength decreases to length scales smaller than 10 nm, the exciton properties are 
expected to change due to the interplay of multiple effects. First, the decreasing domain size 
enables more diffusion of the higher energy state to the lower energy domains. Second, atomic 
reconstruction also becomes less prevalent with larger twist angle (smaller 𝜆 ), thus increasing 
interlayer tunneling, which is only symmetry forbidden in fully reconstructed 3R-stacked AB/BA 
domains. Finally, for moiré periodicities below the coherence length of the intralayer excitons, the 
exciton wavefunction becomes delocalized across multiple moiré unit cells. Below, we expand on 
these effects. 

Enhanced exciton diffusion to lower energy states 

As the reconstructed domains become smaller, higher energy excitons can move laterally to an 
adjacent domain and relax to a lower energy state before recombining. As explained in 
Supplementary Note XVI, the excitons are expected to diffuse 10-100 nm before recombining 
(𝜏=1-10 ps, T=4 K), in good agreement with previous studies. This estimated range is consistent 
with our PL measurements, which show that the higher energy peak disappears as the domain size 
decreases from 50 nm to <10 nm.  

Reduced lattice reconstruction 

For twist angles larger than the critical twist angle of ∼ 2  (𝜆 ∼10 nm)23,24, reconstruction effects 
are expected to be less prominent. It is therefore likely that the moiré pattern is not fully 
reconstructed in the left side of device D2 (2.5o), and even less in devices D8-10 (5o, 17o and 22o). 
In this case, the moiré pattern features a more continuous variation of atomic registry, as opposed 
to sharp transitions between AB and BA domains. Crucially, this implies that a larger portion of 
the moiré unit cell is not perfectly AB- or BA-stacked, but rather has an atomic registry that is 
somewhere in between the two. While interlayer tunneling is symmetry forbidden in AB- and BA-
stacked domains25-29, this is no longer the case for intermediary atomic registries25,27,30,31.  

In order to analyze how the interlayer tunneling rate changes with reduced levels of lattice  
reconstruction, we consider the tunneling rate 𝑤(𝒓) at the valence band K-point25:  

𝑤(𝒓) = 𝑤 (1 + exp(−𝑖𝑢 ) + exp(−𝑖𝑢 )),  where 𝑢 = 𝑮 ∙ 𝒔(𝒓) 

Here, 𝑮  is the reciprocal lattice vector 4𝜋/(√3𝑎 )𝒚 rotated counter-clockwise by (𝑛 − 1)𝜋/3, 
and 𝒔(𝒓) is the local misalignment between the two layers. 𝑤  was determined to be 9.7 meV for 
WSe2 in Ref.25. We write 𝒔(𝒓) = 𝒔 (𝒓) + 2𝑑𝒔(𝒓), where 𝒔 = 𝜃𝒛 × 𝒓 is the misalignment in the 
absence of reconstruction and the factor 2 accounts for the fact that both lattices relax in equal and 
opposite directions due to symmetry. In order to determine 𝑑𝒔 in equilibrium, we solve the Navier-
Cauchy equation computationally:  

𝒇 + 𝒇 = − ∂ 𝒔𝑈(𝒔 + 2𝑑𝒔)/2 + 𝜇∇ 𝑑𝒔 + (𝜆 + 𝜇)∇(∇ ∙ 𝑑𝒔) = 0, 
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where 𝜇 = 26.4
 

 and 𝜆 = 14.8
 

 are the (2d) shear modulus and the first 

Lamé constant, respectively32. 𝑈 is the stacking fault energy, which represents the energy cost of 
different stacking orders, and is given in Ref.23, as:  

𝑈(𝒔) = 𝑐 + 𝑐 ∙ [cos(𝑢 ) + cos(𝑢 ) + cos(𝑢 + 𝑢 )] + 

𝑐 ∙ [cos(𝑢 + 2𝑢 ) + cos(𝑢 − 𝑢 ) + cos(2𝑢 + 𝑢 )] + 

𝑐 ∙ [cos(2𝑢 ) + cos(2𝑢 ) + cos(2𝑢 + 2𝑢 )]. 

Since the goal of the present analysis is not to provide an exact spatial profile of the tunneling rate, 
but rather to qualitatively illustrate the changes in interlayer tunneling with reconstruction, we use 
the parameters 𝑐  calculated for near-0o stacked MoS2 in Ref.23. Seeing as WSe2 has relatively 
similar lattice properties, we do not expect this to significantly affect our results.  

Plotting the displacement profile ds(r) for 𝜆 =60 nm (Figure S16a), we observe that the lattice 
rotates locally around AB and BA centers in order to reduce the local twist angle and approach the 
more energetically favorable 3R-stacking order. Figure S16b-k shows the hole potential 𝑉(𝒓) =

2𝑉 ∑ sin(𝑢 ), ,  and tunneling rate 𝑤(𝒓) as 𝜆  decreases from 60 nm to 4 nm (twist angle 
increasing from 0.3o to 4.7o). We also include a completely non-reconstructed scenario for 
reference (Figure S16f,k). As expected from recent studies23, we find that the level of 
reconstruction decreases rapidly over this range in 𝜆 , as indicated by the smoother moiré potential 
(Figure S16b-f). Importantly, the tunneling profiles (Figure S16g-k) show that while tunneling is 
strongly suppressed in reconstructed moiré patterns (except at the narrow domain boundaries), it 
becomes much more substantial in the less reconstructed case. In the fully non-reconstructed 
scenario, the tunneling rate exceeds 14 meV in more than 50% of the completely non-reconstructed 
pattern. Since this value is comparable to the layer splitting of the valence band (∼92 meV in AB-
sites, smaller in other locations), it is expected that interlayer tunneling may provide an additional 
relaxation pathway in the less reconstructed regime. Moreover, the enhanced interlayer tunneling 
in the small-domain limit suggests that the hole wavefunction may be less layer localized in this 
regime. We note, of course, that this discussion only considers the hole wavefunction, and that a 
more sophisticated analysis could consider the complete exciton wavefunction including binding 
energy effects.  
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Figure S16: Effects of reconstruction. a, Lattice displacement profile for 𝜆 =60 nm (twist angle 
0.3o), showing that the lattice rotates locally to approach 3R-stacking. b-k, Calculated potential 
(b-h) and interlayer tunneling rate (g-k) at the valence band K-point for 𝜆 =60 nm (b,g), 20 nm 
(c,h), 8 nm (d,i) and 4 nm (e,f,j,k). b-e and g-j are modeled based on the stacking fault energy, 
while f and k are fully non-reconstructed for reference. Weaker reconstruction effects are observed 
for smaller 𝜆  (larger twist angle), causing a smoother moiré potential and more interlayer 
tunneling. 



21 
 

Exciton delocalization 

Finally, when the domains become smaller than the coherence length of the excitons, the exciton 
center of mass wavefunction is expected to be delocalized across multiple of the small moiré 
cells33,34. While it is challenging to experimentally determine the coherence length for intralayer 
excitons in our system, we estimate it to be 15-30 nm based on the typical homogeneous linewidths 
of intralayer excitons35,36. It is therefore expected that delocalization effects may play a role in the 
left side of device D2, and in our large twist angle devices D8-10 (twist angles 5o, 17o and 22o). In 
the delocalized case, a bandfolding picture becomes relevant: Exciton Bloch states with momenta 
𝒌 = 𝒌 ,  (where 𝒌 ,  are moiré wavevectors) can hybridize with the bright 𝒌 = 0 state due to the 
periodic moiré potential, thus becoming optically active, depending on the level of hybridization.  

In the weak coupling regime, the first two hybridized delocalized states, 𝜓  and 𝜓 , should exhibit 
a splitting of 𝐸 = ℏ 𝑘 /(2𝑚∗ ), which is strongly domain size dependent, since 𝑘 ∝ 𝜆 . 
Importantly, in the regime where we observe two peaks (𝜆 > 25 nm), no such 𝜆 -dependence 
was observed, consistent with the excitons residing within (not delocalized across) the 
reconstructed domains. In the smaller domain regime (𝜆 < 10 nm), where delocalization across 
moiré domains may occur, the hybridization effects are expected to be weak in our system33. This 
is because the level of hybridization depends on the ratio of the coupling strength to the moiré 
kinetic energy (𝐸 ), the latter of which is large (>30 meV) for small domains (𝜆 < 10 nm). The 

moiré potential strength can be determined from25,30 𝑉 , =
√

 , where 𝐸  is the energy splitting 

between sites with AB- and BA-stacked atomic registry. Since the non-reconstructed moiré 
potential is expected to be approximately just a smoother version of the reconstructed potential, 
we use the splitting 𝐸 ∼ 15 meV determined from our measurements to find 𝑉 , = 1.4 meV. It 
is evident that 𝑉 , ≪ 𝐸  in our system, suggesting that the delocalized excitons in the small-
domain limit should only hybridize weakly.  

Due to the weak level of hybridization, the higher energy states are expected to have very small 
population in |𝒌 = 𝟎⟩ and should therefore have very weak oscillator strength. In our system, we 
find that (𝑉 , /𝐸 ) < 0.002, which is more than 2 orders of magnitude smaller than estimates 
for heterobilayers30. The weak hybridization also causes the hybridized states to predominantly 
consist of one Bloch state, thus causing the probability density distributions |𝜓 |  and |𝜓 |  to 
have a substantial spatial overlap. This increased spatial overlap is expected to enable more rapid 
relaxation of |𝜓 ⟩ into |𝜓 ⟩. 
 
Therefore, due to the weak oscillator strength and fast relaxation of the higher energy state |𝜓 ⟩, 
we only expect to observe one intralayer exciton state when the exciton becomes delocalized across 
multiple domains, consistent with our observations. 
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Supplementary Note XVIII. Monolayer TMD signal 

Due to the three-dimensional atomic structure of TMD layers, it is possible to measure the 
secondary yield modulation with azimuthal angle of a monolayer when imaging at a sufficiently 
shallow polar angle. Figure S17a-c show an SEM image, a schematic and the azimuthal 
dependence of a WSe2 monolayer on an SiO2 substrate at a polar angle of 40o. These data indicate 
that the SEM technique can be used to extract the lattice orientation of an exfoliated monolayer 
flake - information that is valuable for the assembly of twisted heterobilayer devices. 

 

Figure S17: Imaging of monolayer TMD. a, SEM image of monolayer WSe2 flakes on SiO2 
substrate, using acceleration voltage of 1 keV and θ = 40o. b, Schematic of secondary emission in 
this system, showing stronger secondary signal from the TMD, due to its higher atomic mass. c, 
Azimuthal dependence of SEM signal from two separate monolayer WSe2 flakes, indicated by 
boxes in a. Due to the 3D structure of TMDs, amplitude modulation can be observed even from 
monolayers.  
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Supplementary Note XIX. Imaging of monolayer on bulk TMD 

Figure S18a shows an SEM image of a monolayer MoSe2 flake stacked at a random angle on a 
thick multilayer MoSe2 substrate (schematic in Figure S18b). While the azimuthal rotation signal 
of the bulk is relatively symmetric (Figure S18c), the signal from the monolayer region displays a 
more complex pattern due to the partial channels between the monolayer and bulk. Taking the 
difference signal (Figure S18d) reveals a roughly 60o-periodic structure, with strong asymmetry 
due to the partial channels.  

 

Figure S18: Imaging TMD monolayer on bulk. a, SEM image of a monolayer MoSe2 flake 
placed on top of a thick MoSe2 flake. b, Schematic of secondary generation from both the 
monolayer and bulk flake. c, Azimuthal dependence of SEM signal from monolayer on bulk (blue) 
and only the bulk (red), collected from the boxed regions in a. The more complex structure of the 
former is due to the partial channels of the combined system. d, Difference between the two curves 
in c. 
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Supplementary Note XX. Imaging of stepped graphene and TMD flakes 

In order to explore the ability to differentiate stacking orders of graphene on top of materials with 
similar secondary yield (e.g. graphite, hBN), we image thick, stepped graphite flakes (Figure S19a-
c). By using a relatively small acceleration voltage (500 eV), the flake is sufficiently thick that the 
secondary yield depends on the stacking order of the surface layers, rather than the total thickness. 
In particular, the SEM signal depends on whether the top two layers are AB- or BA-stacked, and 
therefore alternates across steps of monotonically changing thickness (Figure S19a). Similar to in 
Fig. 1d in the main text, the two stacking orders exhibit 120o contrast oscillations with a 60o offset. 

Similar measurements were also conducted in a stepped multilayer MoSe2 flake underneath a 10 
nm layer of gold (Figure S19d-f). Again, the SEM contrast depends on the stacking order of the 
top two layers, and thus alternates with the parity of the number of layers (Figure S19d).  In this 
case, the angular dependence (Figure S19f) is more complex than in graphene, due to the 3D nature 
of the MoSe2 layers, and also because the polar angle used here (30o) is not commensurate with 
the dominant channels in MoSe2, thus not allowing for maximal channeling. 

 

Figure S19: Imaging of stepped graphite and MoSe2. a, SEM image of stepped graphite flake 
using acceleration voltage of 500 eV and θ = 24o. Alternating contrast is observed as the top two 
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layers change between AB and BA stacking across the steps. b, Schematic of secondary 
generation, highlighting the sensitivity to the stacking order of the top few layers, which enables 
imaging of AB/BA domains on top of thick low-Z materials such as graphite or hBN. c, Azimuthal 
angle dependence of SEM signal in regions with AB (red) and BA (blue) surface stacking (solid 
lines). Dashed lines show predictions of model presented in main text. d-f, Same as a-c, but in 
stepped MoSe2 underneath 10 nm Au. The more complex azimuthal dependence (f) is due to the 
3D nature of the MoSe2 layers, and also because the polar angle used here (30o) does not allow for 
maximal channeling. 

 

Supplementary Note XXI. Applications to CVD-grown materials 

An interesting application of SEM imaging is rapid identification of layer stacking in CVD-grown 
2D materials. We consider the ability to resolve a series of common stacking orders via the same 
computational methods used for AB/BA stacking orders in WSe2, but applied to AA’, AB, and 15o 
misaligned moiré bilayers. A clear contrast between different stacking orders was found for a polar 
angle of 24o, with AA’ dominated by a 60o-periodic signal, compared to a large 120 o-periodic 
component for AB. Computations for 15o moiré stacking were performed in a similar manner but 
averaging transmission over the full superlattice cell rather than that of the monolayer lattice. 

 

Figure S20: Modelling signal from TMD bilayer stackings. a, Schematics of three of the 
stacking orders that can be found in CVD-grown TMD bilayers (a,c,e), with corresponding 
computed azimuthal dependence (b,d,f). Computational modelling is performed for WSe2 at θ = 
24o.  



26 
 

Supplementary Note XXII. Parameters used for SEM imaging 

The SEM images shown in the main text were captured with a Zeiss Ultra Plus FESEM (Ultra55 
and Supra55VP were also confirmed to show domain contrast). The following is a table of the 
parameters used with the Zeiss Ultra Plus: 

Figure Device Type 
Acceleration 

Voltage 
(keV) 

Polar Angle 

Bias on 
Secondary 
Electron 

Detector (V) 

Aperture 
size (𝝁𝐦) 

1c,d Bilayer graphene 0.5 24o 300 30 
1f,g Few-layer graphene 1 24o 300 30 

2b,c 
hBN-encapsulated 

twisted TMD bilayer 
3 40o 300 30 

3a 
hBN-encapsulated 

twisted TMD bilayer 
2 40o 300 30 

4a 
hBN-encapsulated 

twisted TMD bilayer 
3 40o 300 30 

 
Supplementary Table I: List of parameters used for SEM imaging of the devices presented in the 
main text. 

 

  



27 
 

References: 

1 Schwartz, A. J., Kumar, M., Adams, B. L. & Field, D. P. Electron backscatter diffraction 

in materials science. Vol. 2 (Springer, 2009). 

2 Coates, D. Kikuchi-like reflection patterns obtained with the scanning electron 

microscope. The Philosophical Magazine: A Journal of Theoretical Experimental and 

Applied Physics 16, 1179-1184 (1967). 

3 Nguyen, T. A., Lee, J.-U., Yoon, D. & Cheong, H. Excitation energy dependent Raman 

signatures of ABA-and ABC-stacked few-layer graphene. Scientific reports 4, 4630 

(2014). 

4 Dean, C. R. et al. Boron nitride substrates for high-quality graphene electronics. Nature 

Nanotechnology 5, 722 (2010). 

5 Mak, K. F., Shan, J. & Heinz, T. F. Electronic structure of few-layer graphene: 

experimental demonstration of strong dependence on stacking sequence. Physical Review 

Letters 104, 176404 (2010). 

6 Mak, K. F. et al. Tightly bound trions in monolayer MoS2. Nature Materials 12, 207 

(2012). 

7 Scuri, G. et al. Large Excitonic Reflectivity of Monolayer MoSe2 Encapsulated in 

Hexagonal Boron Nitride. Physical Review Letters 120, 037402 (2018). 

8 Lee, G.-H. et al. Highly Stable, Dual-Gated MoS2 Transistors Encapsulated by 

Hexagonal Boron Nitride with Gate-Controllable Contact, Resistance, and Threshold 

Voltage. ACS Nano 9, 7019-7026 (2015). 

9 Raja, A. et al. Dielectric disorder in two-dimensional materials. Nature Nanotechnology 

14, 832-837 (2019). 



28 
 

10 Cadiz, F. et al. Excitonic Linewidth Approaching the Homogeneous Limit in MoS2-

Based van der Waals Heterostructures. Physical Review X 7, 021026 (2017). 

11 Zhou, Y. et al. Controlling Excitons in an Atomically Thin Membrane with a Mirror. 

Physical Review Letters 124, 027401 (2020). 

12 Zhou, Y. et al. Probing dark excitons in atomically thin semiconductors via near-field 

coupling to surface plasmon polaritons. Nature Nanotechnology 12, 856-860 (2017). 

13 Zomer, P. J., Guimarães, M. H. D., Brant, J. C., Tombros, N. & van Wees, B. J. Fast pick 

up technique for high quality heterostructures of bilayer graphene and hexagonal boron 

nitride. Applied Physics Letters 105, 013101 (2014). 

14 Kim, K. et al. van der Waals Heterostructures with High Accuracy Rotational Alignment. 

Nano Letters 16, 1989-1995 (2016). 

15 Wang, L. et al. One-dimensional electrical contact to a two-dimensional material. Science 

342, 614-617 (2013). 

16 Pizzocchero, F. et al. The hot pick-up technique for batch assembly of van der Waals 

heterostructures. Nature Communications 7, 11894 (2016). 

17 Purdie, D. G. et al. Cleaning interfaces in layered materials heterostructures. Nature 

Communications 9, 5387 (2018). 

18 Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software 

project for quantum simulations of materials. Journal of Physics: Condensed Matter 21, 

395502 (2009). 

19 Giannozzi, P. et al. Advanced capabilities for materials modelling with Quantum 

ESPRESSO. Journal of Physics: Condensed Matter 29, 465901 (2017). 



29 
 

20 Stier, A. V. et al. Magnetooptics of Exciton Rydberg States in a Monolayer 

Semiconductor. Physical Review Letters 120, 057405 (2018). 

21 Kulig, M. et al. Exciton Diffusion and Halo Effects in Monolayer Semiconductors. 

Physical Review Letters 120, 207401 (2018). 

22 Robert, C. et al. Exciton radiative lifetime in transition metal dichalcogenide monolayers. 

Physical Review B 93, 205423 (2016). 

23 Carr, S. et al. Relaxation and domain formation in incommensurate two-dimensional 

heterostructures. Physical Review B 98, 224102 (2018). 

24 Weston, A. et al. Atomic reconstruction in twisted bilayers of transition metal 

dichalcogenides. Nature Nanotechnology (2020). 

25 Wu, F., Lovorn, T., Tutuc, E., Martin, I. & MacDonald, A. H. Topological Insulators in 

Twisted Transition Metal Dichalcogenide Homobilayers. Physical Review Letters 122, 

086402 (2019). 

26 Gong, Z. et al. Magnetoelectric effects and valley-controlled spin quantum gates in 

transition metal dichalcogenide bilayers. Nature Communications 4, 2053 (2013). 

27 Paradisanos, I. et al. Controlling interlayer excitons in MoS2 layers grown by chemical 

vapor deposition. Nature Communications 11, 2391 (2020). 

28 Wang, Y., Wang, Z., Yao, W., Liu, G.-B. & Yu, H. Interlayer coupling in commensurate 

and incommensurate bilayer structures of transition-metal dichalcogenides. Physical 

Review B 95, 115429 (2017). 

29 Ruiz-Tijerina, D. A. & Fal'ko, V. I. Interlayer hybridization and moiré superlattice 

minibands for electrons and excitons in heterobilayers of transition-metal 

dichalcogenides. Physical Review B 99, 125424 (2019). 



30 
 

30 Jin, C. et al. Observation of moiré excitons in WSe2/WS2 heterostructure superlattices. 

Nature 567, 76-80 (2019). 

31 Jones, A. M. et al. Spin–layer locking effects in optical orientation of exciton spin in 

bilayer WSe2. Nature Physics 10, 130 (2014). 

32 Wu, F., Lovorn, T., Tutuc, E. & MacDonald, A. H. Hubbard Model Physics in Transition 

Metal Dichalcogenide Moiré Bands. Physical Review Letters 121, 026402 (2018). 

33 Brem, S. et al. Hybridized intervalley moiré excitons and flat bands in twisted WSe2 

bilayers. Nanoscale (2020). 

34 Tran, K. et al. Evidence for moiré excitons in van der Waals heterostructures. Nature 

567, 71-75 (2019). 

35 Selig, M. et al. Excitonic linewidth and coherence lifetime in monolayer transition metal 

dichalcogenides. Nature Communications 7, 13279 (2016). 

36 Moody, G. et al. Intrinsic homogeneous linewidth and broadening mechanisms of 

excitons in monolayer transition metal dichalcogenides. Nature Communications 6, 8315 

(2015). 

 


