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Abstract

In this work we examined MoS2 sheets by aberration-corrected scanning transmission electron

microscopy (STEM) at three different energies: 80, 120 and 200 kV. Structural damage of the

MoS2 sheets has been controlled at 80 kV according a theoretical calculation based on the inelastic

scattering of the electrons involved in the interaction electron-matter. The threshold energy for the

MoS2 material has been found and experimentally verified in the microscope. At energies higher

than the energy threshold we show surface and edge defects produced by the electron beam

irradiation. Quantitative analysis at atomic level in the images obtained at 80 kV has been

performed using the experimental images and via STEM simulations using SICSTEM software to

determine the exact number of MoS2 layers.
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1. Introduction

Tunability of electronic bandgap engineering in semiconductor materials is a research field

permanently open in optoelectronics and energy harvesting. At the present, conventional III-

V or II-VI semiconductors bandgap can be optimized accurately from ultraviolet to infrared

radiation by doping of chemical elements. Furthermore, nanostructured semiconductors

exhibit variations that largely are determined by a quantum confinement linked to the

decreasing size of nanostructures [1]. In addition, a size reduction in nanostructures, such as

silicon or germanium, leads to transformation from indirect to direct bandgap [2-3]. In this

way, recent developments in 2D few-layered crystals have demonstrated that the electronic

bandgap is tunable and shifted [4-7]. Sulfide semiconductors, including copper-containing

sulfide materials have remarkable applications in photovoltaic conversion [8-10]. Metal

dichalcogenides (MX2) have increased relevantly their importance in applications as

semiconductor materials focused in the high charge carrier mobility [11-12], besides the

catalytic and lubricant applications and other interesting properties [13-14]. MoS2

monolayer is a direct band-gap semiconductor unlike its bulk nature at 1.2 eV [15], as a

consequence a remarkable increase in luminescence is experimentally measured [16]. For

energy harvesting applications, the maximum efficiency energy conversion, from the

incident light to the photogenerated electron-holes pairs, ranges from 1 to 2 eV in the

bandgap [17]. It has become clear that MoS2, and other metal dichalcogenides with a narrow

bandgap, are great candidate materials for new photovoltaic applications. Unlike graphene,

in which a monolayer corresponds to a semimetal with no bandgap [18], one single layer

molybdenum disulfide (S-Mo-S) becomes as a direct bandgap material. Metal

dichalcogenides exhibit a band gap shift from indirect to direct as a function of the number

of S-Mo-S slabs (N) and increasing the bandgap from the bulk value up to 0.6 eV for a

single MoS2 layer [6-7].

The imaging at atomic resolution of few-layered crystals represents a challenge due to their

high sensitivity to the electron beam irradiation causing an irreversible damage in their

crystalline structure. This structural damage induced by the electron beam is mainly caused

by three different mechanisms: radiolysis, heating and knock-on [20-21]. The first one

involves bond-breaking and it is expected to play a key role in isolators and some

semiconductors. The second mechanism is related to the inelastic scattering between the

electrons coming from the beam and the atomic electrons.

In 2D crystals the electron beam may cause damage in the surface and edges [22] of the

extended sheets, producing irregular edges or holes caused by a high electron beam

penetration. Particularly there are recent papers in which the radiation damage in MoS2

sheets by graphene encapsulation [23-24]. However, the mechanisms of radiation damage

are extremely sensitive to the environment [25] and as consequence to the radiation damage.

Zan et al [23] and Algara-Siller [24] show evidence of radiation damage in MoS2 layers

obtained by polymerbased wet-transfer methods which produces a different chemical

environment since hydrocarbides can affect the radiation mechanism. On the other hand the

beam current plays a critical role in the control of radiation damage.
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In the present work, we calculated the optimum threshold energy used in the microscope in

which the Mo-S bonding is stable. Experimentally we worked at three different energies (80,

120 and 200 kV) and found that the damage is reduced according with the theoretical

prediction. In addition, a methodology based on the quantification of the integrated

intensities around each atomic column was applied to determine the number layers of MoS2

sheets obtained by lithium intercalation exfoliation method, which produces a stable and free

of hydrocarbides environments for their electron microscopy analyses. This methodology

was applied to atomic resolution images registered by aberration-corrected scanning

transmission electron microscopy (STEM) collected in a high angle annular dark field

(HAADF) detector.

2. Theoretical calculation

In MoS2 the structural damage induced by the electron beam irradiation is associated to

heating and knock-on. However, the temperature rise due to this effect has been shown to be

negligible for beam diameters and electron dose used in the present work, see ref. [19]. The

inelastic scattering of the electrons involved, electron beam and electron of the atoms,

produces atomic displacements (bulk and surface ones). The maximum energy transferred

(Emax) to an atomic nucleus with mass M is calculated as follow (including exact relativistic

kinematics):

Where Ebeam is the incident electron beam energy, me the electron mass at rest, and c the

speed of light. Emax as a function of the incident electron energy is shown in Fig. 1 for both

atoms Mo and S. The maximum transferred energy increases linearly as the incident electron

energy. At the same time at a given incident electron energy, Emax decreases with the atomic

mass, indicating that lighter atoms will need less energy to be displaced by the electron

beam. It is important to mention that if Emax exceeds the displacement energy Ed (marked in

the graph Fig. 1) which is particular for each element, the electron beam can move bulk

atoms from their lattice position and even more, and also it is possible take away atoms from

the surface of the sample. Ed values for Mo and S has been taken form Ref. [26]. If we

observe the maximum transferred energy at an operation voltage of 200 kV for sulfur nuclei

(red dash dotted lines), it is appreciably larger than the threshold energy Ed (S) (red dotted

line) and therefore, S atoms at 200 kV will be displaced by the knock-on mechanism. The

case of Mo is different because at 200 kV the threshold energy Ed (Mo) (black dotted line) is

considerably larger than the maximum displacement energy. The situation for (S) is reverted

at incident electron energies lower than 100 kV, for instance at 80 kV, where threshold

energies are lower than the maximum displacement energy and consequently surface

sputtering is not expected. In this way, the best the optimum incident electron energy is 80

kV.
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3. Experimental

The MoS2 (99% Aldrich) was soaked in a 1.6M solution of n-butyl lithium in hexane

(Aldrich) to intercalate the lithium, which acts as a strong reducing agent and generates

intercalation compounds containing the Li+ intercalated. This reaction should be carried out

into an inert atmosphere for 48 hours. Following the intercalation of the MoS2 by lithium,

the MoS2 was washed in hexane several times. After is dried and sealed in a vial [27]. The

intercalated sample was exfoliated by ultrasonication with distilled water in a closed vial for

5 hours, during which hydrogen gas was formed between layers, and the expansion of this

gas tends to separate the MoS2 layers by loss of periodicity along the c axis. The layers

become separate completely and remain suspended in the aqueous solution per 1 week

approximately. Moreover, the insertion of organic materials within layers avoids the re-

stacking and generates stable dispersions. For the electron microscopy analysis, a drop of the

suspension was deposited onto a holey carbon grid. The atomic resolution images were

obtained using an aberration-corrected scanning transmission electron microscope JEOL

ARM 200F. The probe size used for acquiring the HAADF-STEM images was 9C (23.2

pA), and the CL aperture size was 40 μm. HAADF STEM images were acquired with a

camera length of 8 cm. The images were collected at three different energies 80, 120 and

200 kV used in the theoretical calculations. The microscope has been optimized to work at

low energies by a proper alignment of the CEOS GmbH probe-corrector. In accordance with

the irradiation electron energies calculated in the previous section, when the microscope is

operated at 120 and 200 kV the sample exhibits structural damages (see Fig. 1). The

experimental evidence of this damage is showed in the Fig. 2, in which surface damage is

registered in the HAADF-STEM images recorded in the center of the 2D sheets at 120 kV

(Fig 2a) and 200 kV (Fig. 2b). In addition, an edge of the sample was also evaluated at 120

kV as function of scanning time, initially (first scanning) with a structure (Fig. 2c)

deteriorated after 240 seconds of continuous scanning Fig. 2d. It is clearly observable the

structure change from the initial scanning and after the last one (240 s), these changes have

been indicated with filled circles above the arrows traced in the figures 2c and 2d. Electron

beam irradiation damage has not been observed at 80 kV, which is consistent with the

theoretical calculation described previously.

4. Quantitative analysis

The quantitative analysis has been performed in the images collected at 80 kV in which the

sample is stable under the electron beam irradiation and no structural damage has been

observed. The images taken using aberration-corrected HAADF-STEM mode show a

contrast of individual molybdenum and sulfur atoms distinguished clearly, which is typically

named Z-contrast imaging [32]. In MoS2 sheets, the HAADF-STEM images are collected in

the [001] zone axis and considering the case of one-single layer (S-Mo-S) a hexagonal

lattice is observed. In order to quantify the number of layers present in the sample, HAADF-

STEM simulated images of MoS2 sheets have been computed using the software SICSTEM

[28]. The simulations have been carried out using the experimental parameters the

microscope: Cs = 7.431×10-4 mm and C5 = 0 mm, objective aperture of 27 mrad and an

inner and outer annular detector angles of 33 and 125 mrad, respectively (∼ 23 pA). This

software runs in a 256-parallel Xenon cluster which allows an improvement of
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approximately 350 times in processing time comparing to a single-node machine. Thermal

diffuse scattering (TDS) is considered in the calculation of the intensities of the object exit

plane by the multislice method and using a TDS absorptive potential approach. Spatial

incoherence of the electron beam in the microscope has been considered in the simulations.

In this way, a series of images were obtained through the convolution of those images using

computed Gaussian functions with different standard deviations. The simulated images were

compared with the experimental ones using a function based in the Fourier space [29]. The

obtained results are valid for the considered microscope working in the same conditions, and

are independent of the analyzed sample.

Fig. 3a shows a high resolution HAADF-STEM experimental image obtained from the

MoS2 sample. We have applied a Wiener filter to this image in order to reduce the noise. As

it can be observed, two different atomic columns can be distinguished in the image, the most

intense corresponding to Mo atoms (Z=42) and the less intense to S toms (Z=16). A

simulated images were obtained using the software SICSTEM [28] and a good matching is

observed in the Fig.3b, in which two layers have been used. The case of one, two and three

layers has been simulated as well. As can be observed in figure 4a, which corresponds a one

MoS2 layer, the image contrast corresponding to S atoms is very weak (virtually unnoticed)

in comparison with the strong brightness corresponding to Mo atoms, this is due to the large

difference in atomic number of both elements (Mo=42 and S=16). This figure is not in

agreement with the experimental HAADF-STEM image, therefore is necessary to increase

the amount of layers in the calculations. Figure 4b shows the simulated HAADF-STEM

images of two MoS2 layers. The image corresponds to one unit cell of the MoS2-2H

structure with c axis equal to 1.229 nm. The obtained image contrast of this image is

different than found in the figure 3a. In this case the brightness contrast of the S atoms is

appreciable, and it is clear that each hexagonal ring consists of three Mo atoms and three S

atoms. This figure is almost in agreement with the experimental HAADF-STEM image.

Finally, figure 4c shows the simulated HAADF-STEM image corresponding to four MoS2

layers (two unit cells) with c axis equal to 2.458 nm. From the image it is clear that the

image contrast is almost the same all over the image, therefore, increasing the numbers of

layers or the unit cells, the found brightness contrast will be almost similar and the Mo and S

atoms are not distinguished. In order to being able to compare these experimental results to

the simulated images, it is necessary to average the intensity over a significant number of

atomic columns. For this, we have used a method for measuring the integrated intensities

around each atomic column [29] that has been successfully used previously for the

calculation of the composition of different semiconductor materials from experimental

HAADF-STEM image [31-32]. In the case of more than one MoS2 layers, the crystal can be

considered as its bulk crystalline structures, in which a layer-stacked of S-Mo-S units are

repeated following two main trigonal phases: the first one is a trigonal-prismatic 2H and the

second one is a rhombohedral structure, also called 3R-MoS2 [33-34]. Rhombohedral

structure differs from the 2H by the stacking layers of each slab S-Mo-S. 2H structure is

stacked in an anti-parallel orientation whereas rhombohedral stacking is self-assembled

oriented. As a consequence of the two different stacking MoS2 layers, the projection along

the [001] direction corresponds to a parallelepipedon for the rhombohedral and a hexagonal

arrangement for the trigonal-prismatic. These two structures were considered for the
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simulations in order to extract the quantitative number of layers and are showed in the Fig.

4c considering the 2H structure and the case for one, two and four layers. The direct

matching of experimental and simulated HAADF-STEM images is carried out by the image

contrast comparison of intensity profiles determined across the Mo-S atomic columns. The

black curve shows the intensity profile from the experimental HAADF-STEM image, this

will serve as a reference point. The red curve shows the intensity profile of the simulated

HAADF-STEM image of one MoS2 layer. The peak corresponding to the Mo has the same

intensity compared with the experimental curve; however, the peak of S is very different due

to weak intensity brightness contrast. The blue curve corresponding to the intensity profile

of the HAADF-STEM image with two MoS2 layers (1 unit cell). The ratio between Mo and

S intensities profiles peaks is consistent with the experimental image. Therefore, we could

assume that the experimental MoS2 image corresponds to a 2 layers structure. Finally, the

green curve corresponding to the intensity profile of the HAADF-STEM image with four

MoS2 layers (2 unit cells). As can be observed, the intensity profile of the Mo peak decrease

compared with the experimental profile, and the intensity profile of the S peak increases. It

can be concluded that increasing the number of MoS2 unit cells, the brightness of the atomic

columns will be similar. As it can be observed, there is a good agreement between the

intensity obtained from the experimental images and from the simulations.

5. Conclusion

Aberration-corrected scanning transmission electron microscopy has been used to obtain

atomic resolution images using three different energies, 80, 120 and 200 kV. The optimum

energy to avoid any structural damage in MoS2 sheets caused by the electron beam

irradiation has been calculated and shows that below 80 kV the sample is stable. The

quantitative method for determining the number of layers has been successfully applied by

comparison of simulated images with the experimental ones.
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Highlights

• MoS2 sheets were exfoliated by using hydrogen gas flow to separate the MoS2

layers.

• The optimum energy to avoid structural damage was calculated.

• Cs-corrected STEM imaging was used to obtain atomic resolution images.

• Three energies were used in STEM imaging: 80, 120 and 200 kV.

• A quantitative method for determining the number of layers has been applied.

• The quantitative method is based on the intensity maxima located at atomic

level.
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Fig. 1.
Maximum transferred energy (Emax) by elastic scattering for Mo and S, vs. the incident-

electron energy.
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Fig. 2.
Electron beam induced damage at (a) 120 and (b) 200 kV in the surface of MoS2 layers.

Edge defects evolution from (c) the initial scanning (t = 0 s) and (d) up to 240 seconds of a

continuous electron beam scanning at 120 kV.
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Fig.3.
(a) Experimental HAADF-STEM image of MoS2, (c) Intensity profile along the line marked

in (a), (b) Simulated HAADF-STEM images of MoS2 using SICSTEM software using two

layers.
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Fig.4.
Simulated HAADF-STEM images; a) one layer, b) two layers (1 unit cell) and c) four layers

(2 unit cells) of MoS2-2H structure. Note in this particular case the strong dependence of

image contrast as a function of the thickness of the specimen, d) Illustration of the line

profile across the Mo and S atoms of the experimental and simulated HAADF-STEM

images of MoS2 specimen.
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