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3D electron diffraction of mono- and few-layer MoS2 
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A B S T R A C T   

Mono- and few-layer MoS2 were studied by three-dimensional electron diffraction (3D ED) showing distinctly 
different symmetry for crystals consisting of odd and even number of layers. Experimentally obtained intensity 
distributions along the relrods match qualitatively kinematically simulated data. Our findings allow to differ-
entiate unambiguously between 1-, 2-, 3- 4- and 5-layers MoS2 crystals.   

1. Introduction 

With the discovery of the semimetal behaviour in graphene (Novo-
selov et al., 2004), the quest for new 2D crystals started and many 
exceptional physical properties were discovered (Xu et al., 2013). A 
successful strategy was to scan 3D crystals with similar structural fea-
tures as graphite – layered materials with strong (often covalent) bonds 
within the layers and weak van-der-Waals forces between them (Lv 
et al., 2015). A significant number of new 2D materials was fabricated in 
the last years, featuring close graphene relatives as BN (Song et al., 
2010) and BP (Liu et al., 2014), transition metal di-chalcogenides - 
TMDs (Choi et al., 2017) and MXenes (Gogotsi and Anasori, 2019). Due 
to the weak interlayer interaction, single layers could be exfoliated from 
the parent solids, either using the mechanical scotch-tape technique, or 
chemical exfoliation through the formation of an intermediate interca-
lated structure (Xu et al., 2013). In many cases, 2D materials could also 
be prepared using the bottom up strategy, e. g. CVD, topochemical 
synthesis, and specialized wet synthetic protocols (Zavabeti et al., 
2020). 

A variety of unprecedented physical properties originating from 
quantum confinement and surface effects were demonstrated for 2D 
crystals (Xia et al., 2014; Nerl et al., 2017). As an example, some bulk 
semiconducting TMDs with the trigonal prismatic metal coordination 
have an indirect band gap, while their corresponding monolayers show 
direct electronic and optical band gaps with enhanced photo-
luminescence at visible frequencies (Mak et al., 2010; Ugeda et al., 
2014), making them emerging materials for nanoelectronics based on 
photovoltaic and photoemission (Lv et al., 2015; Xia et al., 2014; Wang 

et al., 2015; Choi et al., 2017). 
For most TMDs, including MoS2, different topologies of a monolayer 

are possible (Lv et al., 2015): (1) the trigonal prismatic coordination of 
the metal, forming the 2H bulk structure (H stands for hexagonal), (2) 
the octahedral (trigonal antiprism) coordination of the metal, forming 
the 1 T bulk structure (T stands for trigonal), and (3) the distorted 
octahedral coordination of the metal resulting in the 1 T’ bulk phase 
(Choi et al., 2017). 

The 2H bulk crystal structure is centrosymmetric, the unit cell con-
tains 2 layers, shifted with respect to each other by 1/3 of the (a, b) cell 
diagonal (Fig. 1). A monolayer with the trigonal prismatic geometry 
does not have an inversion centre. Due to the relative layers shift, a 
bilayer crystal is, in contrast, centrosymmetric. Thus, crystals with odd 
and even number of layers possess different symmetry, and conse-
quently their physical properties differ accordingly. For example, second 
harmonic generation (SHG) was reported for crystals with an odd layer 
number (Yin et al., 2014), while in crystals with an even layer number, 
no SHG was observed. 

Intrigued by the symmetry switching with the increase of the layer 
numbers, we decided to look deeper into the crystallographic symmetry 
2D TMDs. Triggered by the last developments in 3D electron diffraction 
(ED) methods (Gemmi et al., 2019) and their achievements in structure 
analysis of diverse material classes, we collected and analysed 3D ED 
data of mono- and few-layer 2H MoS2. We especially were interested in 
the prospects of discriminating between 2H MoS2 with different number 
of layers from ED data, recently demonstrated for graphene (Sung et al., 
2019). 
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2. Material and methods 

Monolayer and few-layer 2H MoS2 were prepared by mechanical 
exfoliation, using the scotch-tape procedure (Novoselov et al., 2004; Das 
et al., 2015). Flakes were mechanically exfoliated from bulk MoS2 ob-
tained from HQ Graphene (Groningen, Netherlands). Exfoliated flakes 
were transferred onto Si/SiO2 90 nm wafer. The flake’s thickness was 
determined by optical contrast measurements using an Olympus BX51 
optical microscope and compared to the published values (Li et al., 
2013). The optical image containing the selected crystals and the details 
for the thickness determination are presented in Appendix A. The 
selected flakes (two monolayer crystals, two bilayers, two 3-layers, and 
two 4-layer crystals) were attached to an Au quantifoil TEM grid using 
isopropanol. After the evaporation of isopropanol, SiO2 was etched off 
with KOH (Lehnert et al., 2017). Grids were washed with deionized 
water to remove residual contamination. 

Electron diffraction (ED) data were collected using a Thermofisher 
TITAN TEM operated at 300 kV. ED was performed in nano-diffraction 
geometry with a 50 μm C2 condenser aperture and an effective beam 
diameter on the sample of 1 μm. 3D ED tilt series were collected using a 
self-written Digital Micrograph (GATAN, Pleasanton, USA) script, 
sequentially tilting the TEM stage in a regular step and saving the 
recorded images. The script is provided in the Appendix B. Fischione 
advanced tomography holder was used for data collection. Diffraction 
patterns were collected within the tilt range of ±60◦, stepwise, with a tilt 
increment of 1◦. 

ED tilt series were processed using EDT Process software (AnaliteX, 
Stockholm, Sweden) supported by self-written MatLab (The MathWorks, 
Inc., Natick, Massachusetts, USA) scripts. Stacks of electron diffraction 
patterns were centred, rotated to ensure that the tilt axis runs vertical, 
and intensities of reflections along the relrods (z-direction) were 
extracted within a small integration box. 

ED data were simulated using eMap (AnaliteX, Stockholm, Sweden). 
A standard crystallographic program, developed to handle 3D crystals, is 
not able to handle confined crystals and calculate a continuously 
distributed intensity. In order to overcome this problem, pseudo peri-
odic artificial crystal structures with unit cell dimensions of a = 3.15 Å, b 
= 3.15 Å, c = 1000 Å, γ = 120◦, containing 1, 2, 3, 4 and 5 layers were 
created from the bulk structure. For these 5 structures, 3D Bragg 
reflection data were calculated. A finely spaced L index with an 

increment of 1/c reciprocal distance was used as an approximation for 
the continuous L coordinate. 

Visualization of 3D ED data was made using UCSF Chimera package 
(Pettersen et al., 2004). 

3. Results and discussion 

3.1. On the symmetry of mono- and few-layer MoS2 

The bulk structure of 2H-MoS2 has been known almost for a century. 
The material crystallizes in P63/mmc (No. 194) space group with lattice 
parameters a = b = 3.15(2) Å and c = 12.30(7) Å (Dickinson and 
Pauling, 1923). The molybdenum atoms occupy the 2c (1/3, 2/3, 1/4) 
positions and the sulphur atoms occupy the 4f (1/3, 2/3, z) positions. 
The unit cell contains two alternating layers with an AB stacking along 
the c axis. The single layer of 2H MoS2 is composed of a hexagonal plane 
of molybdenum atoms sandwiched between two hexagonal planes of the 
sulphur atoms (see Fig. 1). Each molybdenum atom is surrounded by six 
sulphur atoms in a trigonal prismatic coordination. 

The symmetry of a single layer can be described by a layer group – a 
3D space group including 2D translations only (Kopský and Litvin, 
2002). Beside the 2D translations, a monolayer of 2H MoS2 possesses, a 
vertical 6 axis passing through two sulphur atoms and a mirror plane 
running through the middle of the layer (Fig. 1). The layer group of a 
monolayer MoS2 is then p 6 m2 (No. 78), with molybdenum atoms 
occupying 1c (2/3, 1/3, 0) positions and sulphur atoms at 2e (1/3, 2/3, 
z) positions. 

The Laue class represents the point symmetry of its 3D diffraction 
pattern, in other words, the symmetry of the reciprocal lattice weighted 
with the intensities of the Bragg peaks. For a MoS2 monolayer the Laue 
class is 6/mmm. 

The situation is different for a bilayer. Due to the layers shift (AB 
stacking), the mirror plane in the middle of the structure is lost and the 6 
axis transforms to a 3. The remaining symmetry elements form the layer 
group p 3 m1 (No. 72), containing only vertically oriented mirror planes. 
Molybdenum atoms occupy 2c positions (1/3, 2/3, z), sulphur atoms are 
located at 2b (0, 0, z) and 2c positions. The Laue class of this group is 3 
m1. 

3-layer MoS2 will regain the mirror plane orthogonal to the 6 axis, 
the layer group again being p 6 m2. Obviously, in the four-layer crystal, 

Fig. 1. Crystal structures (side and top views) of mono-, bi-, and tri-layer MoS2 demonstrating the alternating change in the crystal symmetriey with increase of the 
number of layers. 
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the mirror plane will vanish again, resulting in the reduced symmetry p 3 
m1. Thus, with increasing number of layers, the symmetry of the 
multilayer crystal will alternate, each stack with an odd number of 
layers (n = 1, 3, 5, …) has a layer group symmetry p 6 m2 (No. 78), and 
with an even number - p 3 m1 (No. 72). 

From these symmetry considerations it follows immediately that the 
3D diffraction space must appear significantly different for crystals with 
odd and even layer number. The Laue class 6/mmm, (in Schoenflies 
notation: D6h) has a horizontal mirror plane. As a result, a crystal with an 
odd number of layers must produce a symmetric diffraction intensity 
distribution along c* relative to the L = 0 position. The Laue class 3 m1 
does not have a horizontal mirror plane, thus a crystal with an even 
number of layers will have an asymmetric intensity distribution along 
the c* direction, except for the 000 L row, being symmetric due to 
Friedel’s law. 

3.2. Relrods 

The size and shape of a reflection in reciprocal space is related to the 
size and shape of the sample in direct space. A bulk (3D) crystal produces 
discrete Bragg reflections at the positions determined by the basis vec-
tors of the crystalline lattice, which are indexed by Miller indices. With 
the decrease of one dimension, the crystal’s Bragg reflections elongate 
and in the extreme case of a 2D crystal, they merge and appear as 
continuous relrods (Fig. 2b). The corresponding Miller index running in 
reciprocal space along the rod, becomes a continuous coordinate L. 

In the geometry with a parallel electron beam falling onto a 2D 
crystal, the zero-tilt electron diffraction pattern will represent the 
normal incidence zone axis pattern, for a bulk crystal corresponding to 
the zero-order Laue zone (ZOLZ). All tilted diffraction patterns comprise 
intersections of relrods with the Ewald sphere at a different height, 

Fig. 3. Simulated intensity distribution along the relrods: a) MoS2 monolayer, b) bilayer, c) 3-layer, d) 4-layer, e) 5-layer, and f) bulk MoS2. Vertical scale – 
arbitrary units. 

Fig. 2. (a) Experimental normal incidence 
electron diffraction pattern of a monolayer 
MoS2, symmetry equivalent reflections are 
marked by dashed rings, artefacts due to the 
shadow of the gun tip are denoted by yellow 
arrows; (b) projection of the reconstruction 
electron diffraction space of a monolayer MoS2 
viewed along an arbitrary direction (b). Area 
with missing intensity in the middle of the 
reciprocal volume (b) appears due to the beam 
stop, the position of the primary beam is 
marked by a red cross, artefacts due to the gun 
shadow are reconstructed into irregular objects 
marked by yellow arrows.   
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depending on the tilting angle. 
Bulk hexagonal structures are described using the 4 indices Miller- 

Bravais notation hkil with h + k+i = 0. For a 2D hexagonal lattice, 
analogous to the Miller-Bravais notation, we are going to use 3-indices in 
the form hki with h + k+i = 0, allowing for their cyclic permutation. We 
will use the capital L here for the continuous index along the relrods, to 
underline the differences to the discrete Miller index l. 

For the case of a hexagonal 2H MoS2 monolayer, the normal inci-
dence zone axis pattern corresponds to the [0001] zone of the bulk 
structure and has a p6mm symmetry (Fig. 2a). All reflections with the 
same distance from the central beam are crystallographic equivalent, e. 
g. the set: 10 1, 01 1, 1 10, 1 01, 0 1 1, 1 1 0. For the sake of simplicity, 
we use “10 1” notation for the whole set, and the corresponding relrods 
running through these reflections are denoted as 10 1 L. Following this 
logic, three different types of relrods were assigned and subsequently 
analysed in this study – 10 1 L, 11 2 L, and 20 2 L (Fig. 2b). The 000 L rod, 
passing through the central spot is physically not accessible due to the 
limited tilt range of the goniometer. 

The central point of the rod with the L = 0 we define as a rod base. 
The horizontal coordinate of the base is given by the in-plane interplanar 
distances of the structure and can easily be related to the bulk structure. 

Fig. 2b shows an arbitrary projection of the reciprocal space recon-
structed from a tilt series of electron diffraction patterns. The elongated 
relrods, appearing instead of discrete Bragg peaks are evident. The 
scattering intensity distribution along the relrods is very complex, being 
a consequence of the 3-atom (S-Mo-S) structure of a monolayer in z 
direction. 

3.3. Simulated intensity distribution along the relrods 

Several approximations were done in order to simulate the 3D ED 
data: (i) the atomic models were created from the bulk 2H MoS2 struc-
ture, assuming that in 2D crystals, the atomic geometry follows the 
idealised 3D lattice; (ii) 2D crystals were approximated by a pseudo 
periodic 3D lattice with a large distance between the layers (~1000 Å); 
(iii) all diffraction data were simulated in kinematical approximation. 
Finally, no instrumental transfer function in the diffraction space 
(Gorelik et al., 2019) was used. 

Kinematically simulated intensity distribution for 2H MoS2 crystals 
with different numbers of layers is presented in Fig. 3. The data for 
relrods of the 10 1 L type are shown in red, 11 2 L – in green, 20 2 L in 

blue. For comparison, Bragg reflection intensities for a bulk structure are 
shown in Fig. 3f; here, a peak broadening corresponding to an arbitrary 
crystal thickness of 30 nm (composed of 50 individual layers) was 
applied. All relrods contain a peak at the position of L = 0, for the bulk 
structure corresponding to 10 1 0, 11 2 0, and 20 2 0 reflections, 
respectively. 

As expected from the symmetry of the monolayer (discussed above), 
a symmetric intensity distribution along L in respect to rod’s base (L = 0) 
with broad peaks is produced (Fig. 3a). The strongest peak in the 10 1 L 
rod appears at the position of 0.315 Å− 1, corresponding to the distance 
between the top and bottom sulphur atoms planes. 

For the bilayer, an evidently asymmetric distribution in respect to 
the base is produced (Fig. 3b). The asymmetry is especially pronounced 
for the strongest 10 1 L rod: a shoulder appears at the position of 0.162 
Å− 1, absent on the left-hand side. The direct space distance corre-
sponding to this peak is 6.15 Å, matching the distance between the 
molybdenum planes, being essentially the average distance between the 
MoS2 layers. The central peak of the 10 1 L rod also appears slightly 
shifted to the positive L, resulting in a slight asymmetry of the relrod at 
very small L. All peaks are significantly narrower compared to those of 
the monolayer. 

For a 3-layer, the relrods are symmetric in respect to the base (Laue 
class 6/mmm). The first weak peak at 0.081 Å− 1 corresponds to the 
double distance between two molybdenum layers and represents in 
direct space the bulk lattice parameter c. It is preserved for higher 
number of layers, and transforms later into the 10 1 1 Bragg peak of the 
bulk structure (Fig. 3f). 

The 4-layer crystal shows again asymmetric relrods in respect to their 
base and the 5-layer crystal - symmetric. The intensities of the asym-
metric peaks are relatively low, yet significant. The positions of the 
peaks and their intensities start resembling the bulk data shown in 
Fig. 3f. 

3.4. Experimental intensity distribution along the relrods 

3.4.1. Monolayer MoS2 
The number of layers in studied crystals was initially assigned using 

the optical contrast measurements (see Appendix A). For a monolayer, 
experimentally obtained and simulated intensity distribution plots along 
the 10 1 L, 11 2 L and 20 2 L relrods are shown in Fig. 4. Two neigh-
bouring relrods of the 10 1 type could be extrated from the 3D ED data, 

Fig. 4. Experimental (scatter plot) and simulated (solid line) scattering intensity distribution profiles along the 10 1 L (red), 11 2 L (green), and 20 2 L (blue) relrods 
for a monolayer MoS2. 
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the corresponding plots are shown as red circle and star scatter plots; 
three neighbouring rods of 11 2 type are shown as green circle, star and 
diamond scatter plots, and two 20 2 type rods (see Fig. 2a) are shown as 
blue circle and star scatter plots. The red and green plots are offset up for 
clarity. 

Experimental plots for the same types of rods (shown in the same 
colour – red, green, blue) show essentially the same intensity distribu-
tion (three green plots can hardly be distinguished). The simulated in-
tensity distribution is shown as solid lines. As can be seen from the 

comparison between simulated and experimental intensity distribution, 
apart from deviations in the middle of the 10 1 L rods, the overal in-
tensity distribution is described very well by the simulation. 

All diffraction simulations presented in this paper were done using 
the kinematical formalism. Yet, it is known that the normal incidence 
electron diffraction pattern of a monolayer MoS2 shows systematic 
violation of the Friedel law, with the difference in the intensities of 
10–20 % (Brivio et al., 2011). Recently, strong phase object approxi-
mation was applied to explain this effect (Deb et al., 2020). The 
anomalous difference in the intensities of the Friedel mates appears for 
non-centrosymmetric 2D crystals containing heavy atoms, therefore can 
be seen as an analogue to well-known anomalous scattering in X-rays 
(Cromer and Liberman, 1970). 

A strong deviation of intensities associated with the Friedel pairs 
violation is seen in the middle of the 10 1 L rods (marked with black 
arrows in Fig. 4). One can see that the Friedel-mates intensity 
disagreement in neighbouring 10 1 L rods at L = 0 is about 20 %. 
Noticeably, this effect is mostly pronounced for the 10 1 type rods, and 
only at L = 0, i.e. within the normal incidence zone pattern. We also 
noticed a slight disagreement in the left and right peaks at L = 0.3 Å− 1. 
Whether this effect is also associated with the anomalous scattering or is 
a measurement artefact will be investigated in due course. 

Noticeably, the widths of the peaks also match the simulated plots 
quite well, meaning that the main contribution to the peak width comes 
from the shape of the atomic scattering factors of the individual atoms. 

Just as graphene (Meyer et al., 2007a, 2007b; Kirilenko et al., 2011), 
monolayer MoS2 was shown to be affected by out-of-plane corrugation 
(Brivio et al., 2011). In the reciprocal space the corrugation manifests in 
the effective broadening of relrods at higher values of L. The broadening 
can be quantified and characterized by a set of corrugation waves with 
different amplitudes and wavelengths. For MoS2, a rather complex in-
tensity distribution along the relrods is overlaid with the 
waviness-induced broadening, so that the cuts of the relrods have a very 
complex shape (see Fig. 5). It may come that a proper quantification of 
the corrugation will need a more sophisticated formalism than that 
presented in (Brivio et al., 2011). In this study we did not attempt to 
quantify the broadening of the relrods and associated waviness 
parameters. 

3.4.2. Bilayer MoS2 
Experimentally determined and simulated intensity distribution 

Fig. 6. Experimental (scatter plot) and simulated (solid line) scattering intensity distribution profiles along the 10 1 L (red), 11 2 L (green), and 20 2 L (blue) relrods 
for a bilayer MoS2. 

Fig. 5. Cuts of the 3D ED data showing the shape of the relrods for mono-
layer MoS2. 
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along the relrods for a bilayer MoS2 is shown in Fig. 6. The experimental 
intensity distribution as well as the width of the peaks match the 
simulated data pretty well. Two neighbouring relrods of the 10 1 type 
are plotted in red with circles and stars; the circles plot has a peak at L=- 
0.16 Å− 1, the star plot – at L=-0.16 Å− 1, matching the simulation. The 
asymmetry is seen in the 10 1 L and 20 2 L rods around L = 0.16 Å− 1, 
being the signature of the reduced symmetry of the crystal as described 
above. 

One can see a slight disagreement in the peak’s positions at higher L 
in the experimental data of the bilayer, most pronounced in 11 2 L rods 
(green plots in Fig. 6). These may be attributed to a slightly different 
atomic arrangement in a bilayer compared to the bulk structure. The 
detailed analysis of the fine structure of the relrods goes beyond the 
scope of this paper. 

One important structural parameter for a bilayer is the average dis-
tance between the layers. In order to evaluate the effect of the interlayer 
distance on the ED data, a bilayer model with an artificially increased 

distance between the layers by 1 Å (from 6.15 Å to 7.15 Å) was created. 
The intensity distributions along the relrods was then calculated and 
plotted together with those of the initial structure for comparison 
(Fig. 7). With the increase of the interlayer distance, the whole pattern 
shrinks and the peaks shift towards shorter L. The relative intensities of 
the peaks are modified, likely due to effectively shifted contributions of 
individual atomic scattering profiles. 

The asymmetry of the 10 1 L relrods for bilayer can lead to a special 
appearance of the normal incidence zone pattern, when recorded using a 
small Ewald sphere. This effect is analysed in Appendix C. 

3.4.3. 3-, 4-, 5-layer MoS2 
The appearance of the relrods for a 3-layer MoS2 is shown in Fig. 8. 

As mentioned above, the 3-layer structure has a horizontal mirror plane, 
the layer group is p 6 m2, the Laue class 6/mmm. The symmetry of the 
relrods in respect to their base is clearly seen in Fig. 9. 

Fig. 9 shows the relrods for a 4-layer crystal, the asymmetry of the 

Fig. 7. Simulated scattering intensity distribution profiles along the 10 1 L (red), 110 2 L (green) and 20 2 L (blue) relrods for a bilayer MoS2 with the typical distance 
of 6.15 Å (Dickinson and Pauling, 1923) between the molybdenum planes (solid lines) and with an artificially increased distance of 7.15 Å (dashed lines). 

Fig. 8. Experimental (scatter plot) and simulated (solid line) scattering intensity distribution profiles along the 10 1 L (red), 11 2 L (green), and 20 2 L (blue) relrods 
for a 3-layer MoS2. 
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peaks in the range of 0− 0.2 Å− 1 is evident. Fig. 10 shows the rods for a 5- 
layer crystal. The width of the peaks is comparable to that of the 4-layers 
crystal (Fig. 9), yet the appearance of the rods is different, matching the 
higher Laue class symmetry. 

3.5. Determination of the number of layers 

The analysis of the intensity profiles of the relrods clearly showed 
that with increase in layer number, the width of the peaks in the profiles 
decreases. The experimental width of the10 1 L relrod peak at L = 0.22 
Å− 1, was measured for different crystals and plotted in Fig. 11 against 
the number of layers. This plot shows that the number of layers can 
unambiguously be determined from the relrod’s characteristics – the 
effective width of the peaks in the intensity profiles and the layer group 
symmetry (reflected in the symmetry of the intensity distributions in 
respect to the base). 

In this study the crystals were pre-selected based on their optical 

contrast. Two crystals were assigned to as consisting of 4-layers. The 
relrods of the first of these crystals are shown in Fig. 9. The second 
crystal showed, however, a completely different pattern (Fig. 10). From 
the analysis of the symmetry we could clearly assigned the last crystal to 
a 5-layer crystal. 

In this study we collected large tilt series of diffraction patterns 
within the total goniometer tilt range of ±60◦. Our analysis showed 
however that the most pronounced differences in the character of the 
relrods are concentrated around L below 0.2 Å− 1. In fact, it would be 
sufficient to sample the 10 1 L relrod in the range ±0.16 Å− 1. The hor-
izontal coordinate of the base of the 10 1 L relrod gx = 0.37 Å− 1, thus, a 
tilt range of ±30◦ should cover the targeted L range. 

4. Conclusions 

In this study 3D ED data of 2D hexagonal MoS2 crystals of different 
thickness were investigated. Depending on the number of layers, the 

Fig. 9. Experimental (scatter plot) and simulated (solid line) scattering intensity distribution profiles along the 10 1 L (red), 11 2 L (green), and 20 2 L (blue) relrods 
for a 4-layer MoS2. 

Fig. 10. Experimental (scatter plot) and simulated (solid line) scattering intensity distribution profiles along the 10 1 L (red), 11 2 L (green), and 20 2 L (blue) relrods 
for a 5-layer MoS2. 
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thin crystals have a different layer group symmetry: 2D MoS2 crystals 
with an odd number of layers belong to the layer group p 6 m2, whereas 
crystals with an even number of layers have a lower symmetry of p 3 m1 
layer group. The difference in the symmetry is clearly reflected in the 
appearance of the reciprocal space: crystals with an even number of 
layers show asymmetric distribution of the intensities along the relrods. 
The symmetry of the reciprocal space combined with the width of the 

peaks along the relrods is an unambiguous measure for the number of 
layers in a crystal. This was demonstrated for 2D MoS2 crystal with the 
number of layers 1, 2, 3, 4 and 5. 

It must be underlined, that in this study we did aim at a qualitative 
analysis of the intensities’ plots. Fine discrepancies between the simu-
lated and experimental data are evident. These can be attributed to the 
structural aspects – the slight differences of the actual structure of few- 
layers MoS2 compared to that of the bulk materials, to the multiple 
scattering, evidently present in the experimental data, as well as to the 
instrumental transfer function in the diffraction space, which has not been 
seriously addressed so far. 
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Appendix A. Optical contrast measurements 

Fig. A1a shows an optical image of different MoS2 crystals. The identified crystals are labelled by the number of layers (monolayer to 4-layer: 1 L–4 
L). An exemplary colour image and corresponding grayscale images of the Red, Green, and Blue channels of a 3-layer (3 L) flake is shown as inset in (a). 
The contrast difference between the 2D nanosheet and the substrate is obtained by brightness profiles, the corresponding areas are highlighted by 
dashed rectangle in the insets and plotted in (b). Different colours in (b) mark the channel used. The order of magnitude of all measured contrast values 
is in very good agreement with the values published by Hai Li et al. (2013). This allowed us to precisely identify the crystal thicknesses, before 
transferring the MoS2 crystals onto the TEM grid. Note that the flake labelled by 4 L* was later assigned to as a 5-layer crystal. 

Fig. A1. (a) optical microscope image of MoS2 
crystals on a Si/SiO2 90 nm substrate. An 
exemplary colour image of an 3 L flake and the 
corresponding grayscale images of the green, 
blue, and red channels are presented as insets. 
Dashed rectangle marks the area for contrast 
measurements. Contrast values of the marked 
sample regions (1 L – 4 L) in (a) are shown in 
(b). The experimental data points are presented 
as squares, the values published by Hai Li et al. 
(2013) as circles. The colours indicate the used 
channel of the camera; the black squares and 
circles represent the contrast difference of the 
raw colour image shown in (a).   

Fig. 11. Experimental peak’s width in the intensity distribution of the relrods 
for MoS2 crystals with different number of layers. Crystals with the p 6 m2 layer 
group, the Laue class 6/mmm are marked by black circles, crystals with the 
reduced symmetry p 3 m1, the Laue class 3 m1. 
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Appendix B. Digital Micrograph tilt series acquisition script

Appendix C. Appearance of the normal incidence zone pattern of a bilayer 

The slight asymmetry of the central peak in the 10 1 L rod of the bilayer raises the question whether this effect can experimentally be observed 
within the normal incidence zone directly and used for the bilayer identification. Low energy electrons create a smaller Ewald sphere, which cuts 
relrods at higher positions L, further away from the relrod base (Fig. C1). The height at which the Ewald sphere cuts the relrod gz, depends on the 
horizontal coordinate of the relrod base gx, and the radius of the Ewald sphere, inversely related to the electron wavelength λ. Trivial geometrical 
considerations give the relation: 
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gz =
1
λ
−

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
λ2 − g2

x

√

(1) 

For a bilayer, in accordance to the Laue class 3 m1, the intensity distribution along the opposite relrods are related by an inversion centre at the 
origin of the reciprocal space. We define the asymmetry factor as the ratio of a relrod intensities at L and -L, which, for given symmetry, is equivalent to 
the intensity ratio of the opposite relrods at the same height L. For a symmetric relrod the asymmetry factor is equal to 1. 

The blue plot in the Fig. C2a shows the relation between the acceleration voltage and the height of the relrod cut gz, calculated using (1), for the 10 
1 L relrods of bilayer MoS2. The lateral base position (see Fig. C1) of the 10 1 L relrod gx, corresponding to 10 1 0 reflection of the bulk structure, is 
0.3666 Å− 1. The red plot (Fig. C2) represents the asymmetry factor for different gz values. 

At 300 kV used for the experiments, for 10 1 L rod the gz is about 0.001 Å− 1 (Fig. C2, vertical blue arrow originating at 300 kV), the asymmetry 
factor for this value is about 1% (horizontal red arrow in Fig. C2). At 10 kV the gz height is about 0.008 Å− 1, corresponding to the asymmetry factor of 
about 6%, at 5 kV the asymmetry factor of 9% can be reached. This means that if the normal incidence zone of bilayer MoS2 is recorded at 5 kV, the 
opposite reflections in the 10 1 group (as defined in Fig. 2) should systematically show 9% difference in the intensities. We must however note that for 
the calculations we used a perfect geometry of bilayer, corrugation may additionally diminish the effective asymmetry factor. 
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