to investigate the result by using state-of-the-art low voltage aberration-corrected transmission electron microscopy (AC-TEM).

Initially, in 2019, we targeted a well-defined application: the fabrication of pore-integrated graphene membrane device for hydrogen gas filtration in collaboration with CEA-LITEN. However, due to some technical difficulties raised in the laboratory during Covid-19, we had to slightly modify the targeted application of this thesis work: instead of testing the graphene membrane performance for gas filtration, we have investigated the impact of nanopores formation in graphene on its wettability with another important application of porous graphene: using it as a support membrane for cryogenic (cryo)-TEM experiments.

This study is broadly composed of three parts: the first part aims to develop a robust, plasmabased surface cleaning method for graphene. This is already highly challenging, but it is a necessity to start with clean graphene to characterize this material and the plasma-induced damages in graphene by high-resolution (HR) TEM (typical graphene is heavily contaminated by polymer residues, preventing a correct observation). Besides, surface cleaning is useful for developing graphene-based devices like filtration membranes, sensors, and electronics.

Chapter 1

Defects in two-dimensional materials

Defects in two-dimensional materials 4 1 Defects in two-dimensional materials

Context

This chapter reviews two-dimensional materials and their atomic-scale defects, with particular attention on graphene material and on the potential applications of atomic defects in graphene monolayers. Theoretically, Graphene owns extraordinary physical and chemical properties. However, in reality, atomic defects are always generated during graphene's growth and processing steps that are used to build graphene-based devices, which degrades the intrinsic properties of graphene. However, while defects are killers for some applications, on the other side, they can be favorable for other applications by providing new physical, chemical, and surface properties if they are introduced in a controlled way. In this chapter, we discuss different types of defects present in graphene and both the favorable and unfavorable impact of such defects on graphene's properties. This knowledge can be beneficial to take advantage of such defects to extend graphene capacity for advanced technological developments. Moreover, we highlight the key role of defects in tuning the surface properties of graphene, making it promising for a variety of surface-based applications. Particularly, nanopores engineering with a narrow size distribution (nanometer range) can extend graphene capability to wide-scale molecular separation membranes such as gas filtration, water purification, etc. However, engineering the nanometer size of pores in graphene monolayer with angstrom precision and analyzing such precise atomic scale information is extremely challenging.

Two-dimensional materials

 . Therefore, it has been often seen in experiments that metal impurity atoms are
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General Introduction

This Ph.D. thesis work focuses on atomic-scale defects study in graphene and related twodimensional (2D) materials using low-voltage aberration-corrected transmission electron microscopy (AC-TEM) techniques.

Since the last decade the interest of the scientific community in atomically thin layers, also called 2D materials, has rapidly increased. According to the Web of Science, the number of research articles based on 2D materials has increased from around 1900 (in 2004, the first time graphene was exfoliated experimentally [START_REF] Novoselov | Electric Field Effect in Atomically Thin Carbon Films[END_REF] ) to around 49100 in 2021 [START_REF] Lei | Graphene and Beyond: Recent Advances in Two-Dimensional Materials Synthesis, Properties, and Devices[END_REF] . The unique 2D structure offers the possibility to tune their physical properties through different knobs like doping, strain engineering, controlled defect engineering, etc…and they can also be stacked to form multilayer materials, whose properties depend on the number of layers and on the nature of layers in the case of heterostructures (i.e. when several 2D materials are stacked). However, it is typically difficult to correlate the change observed in a 2D material's properties with its physical modification since the latter requires observation at the atomic scale (for example to observe dopants or sub-nm size defect generated in a 2D material).

Thanks to the electron microscopy facility at PFNC, CEA allowed us to access the new generation transmission electron microscope "FEI Titan [START_REF] Brodie | On the Atomic Weight of Graphite[END_REF] Ultimate" equipped with double aberration correctors and a monochromator that offers the possibility to probe the 2D systems down to the atomic scale.

In this thesis, we have focused on atomic size defects observation as they are always present in 2D materials, like graphene. These defects have a critical impact on the original properties of graphene, often limiting its performance in various applications but sometimes also providing opportunities to develop new applications. For instance, nanoscale pore engineering in graphene with a narrow size distribution has emerged as an effective approach to developing high-performance wide-scale molecular separation membranes including gas filtration, water purification, and DNA sequencing. Therefore, understanding the influence of atomic scale defects on large-scale graphene properties and controlling these defects to achieve specific structure-property correlation for desired applications is a recent surge in graphene-based technological development. However, it is experimentally challenging to develop processes that are able to produce pores of well-controlled size and even more challenging to characterize those defects since it requires the observation of graphene with an atomic resolution. Though the TEM by itself offers the possibility to create the size and density-controlled pores in graphene (by electron beam irradiation) together with the real-time structure analysis, it isn't adapted to do so on large-size samples which are needed for device fabrication. By contrast, plasma-based technologies are adapted to large wafers and thanks to the recent development of atomic layer etching processes "ALE", some plasma technologies are available today to minimize damages in ultrathin layers, making them interesting tools to treat 2D materials. Since LTM-CNRS has expertise in developing ALE processes in pulsed ICP plasmas and since PFNC-CEA has long-term expertise in 2D materials observation by TEM, the initial goal of this thesis was to create sub-nanometer pores in graphene using scalable plasma technology and

The second part of this thesis covers plasma-induced controlled defect formation, i.e. pores of different sizes in suspended graphene monolayer. The interaction between plasma and graphene at the atomic scale is primarily studied by low-voltage monochromated AC-TEM, which offers an atom-by-atom analysis of graphene. Further, we have attempted to investigate the graphene structure-wettability correlation, which is vital for graphene-based membranes application. Lastly, we try to demonstrate an application of the defect-integrated graphene as a support membrane in cryo-TEM experiments in order to achieve atomically resolved structure imaging of biomolecules.

The third part contributes to the establishment of a new microscopy technique, fourdimensional (4D) scanning (S)TEM. This technique is based on acquiring full diffraction patterns by a 2D pixelated quantum detector in the reciprocal space from each probe position scanned over the sample in real space, yielding a 4D dataset. The 4D STEM dataset is extensively rich in information about the sample and can be used to extract information about the local atomic physical properties, electric field, electrostatic potential, and charge density at the atomic scale together with atomic structure details. This new technique can be efficient to provide local atomic physical properties fluctuation associated with atomic defects in 2D material that can further help to understand and control the final property of materials. However, 4D-STEM is still under development and requires more understanding from both the experimental and data interpretation sides. In this part, we aim to provide insight into the experimental challenges including sample preparation and microscopy parameters that can strongly influence the accuracy of 4D STEM results. For 4D STEM experiments, we have used a 2D material-based model system, epitaxially grown WSe2 layer. This work is an initiative to make this technique routinely accessible for 2D materials analysis at PFNC in CEA. Further, by using the atomic electric field and related information, we have tried to demonstrate one of the applications of this technique for the detection of lighter dopant atoms in a 2D material.

reciprocal lattice structure of graphene, which also shows triangular symmetry with lattice vectors of b1 and b2, where 𝑏1 = 2𝜋 3𝑎 (1, √3) and 𝑏2 = 2𝜋 3𝑎 (1, -√3). The first Brillouin zone also has a honeycomb lattice structure, however, the lattice is rotated by π/2 angle with respect to the real space. The first Brillouin zone consists of two sets of symmetrical but inequitable K and K', Dirac points. Graphene's extra-ordinary and versatile properties such as ultrahigh carrier mobility (∼10,000 cm 2 V -1 s -1 ) at room temperature 1 , high thermal conductivity (3000-5000 W m -1 K -1 ) [START_REF] Balandin | Superior Thermal Conductivity of Single-Layer Graphene[END_REF] , large specific surface area (2630 m 2 g -1 ) 8 , excellent optical transparency (∼97.4%) [START_REF] Blake | Graphene-Based Liquid Crystal Device[END_REF] , high Young's modulus (∼1 TPa) [START_REF] Lee | Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene[END_REF] , have drawn enormous attention from both fundamental and industrial aspects. These extraordinary physical properties of graphene are benefited from the unique electronic band structure. For the monolayer of graphene, the electronic band structure is illustrated in fig. 1.1c, which is derived from the standard tight-binding approximation [START_REF] Zhao | Review of Graphene-Based Strain Sensors[END_REF] . The valence band (lower) and the conduction band (upper) are conical valleys and touch each other at the Dirac points K and K' in the Brillouin zone. The charge carriers show linear dispersion relation near the Dirac point E= hv F k, which makes them massless Dirac fermion. Graphene exhibits exceptionally high charge carrier concentration and ballistic transport due to this unique Dirac cone band structure near the Fermi level. This makes graphene a zero-band gap semiconductor/semi-metal. Nevertheless, these novel properties can be impacted by unavoidable defects/ anomalies present in the graphene lattice structure. This is the main reason why graphene-based devices in reality show lower performance than the predicted theoretical values. Therefore, it becomes essential to have knowledge and understanding of the atomic defects that can be present in graphene and their influence on the material properties, which will be discussed in the following sections.

Transition metal di-chalcogenides (TMDs) are another interesting class of 2D materials. The chemical composition of TMDs is defined as X-M-X, where M is transition metals (Mo, W, Nb, Ta, Sn) and X is chalcogen atoms (S, Se, Te) [START_REF] Wang | Electronics and Optoelectronics of Two-Dimensional Transition Metal Dichalcogenides[END_REF] . In fact, a single layer of TMD is three atoms thick as the transition metal layer is sandwiched between two layers of chalcogen atoms as shown in fig. 1.2a. These three atomic layers are strongly bonded by covalent bonds and can be bonded with other 2D layers by weak Van der Waals forces. When bulk TMDs are scaled down to a monolayer system, they show novel physical features, for instance, a bulk form of MoS2 is an indirect band gap semiconductor with negligible photoluminescence, while a monolayer MoS2 possesses a direct band gap with strong photoluminescence. This transformation in the band structure of MoS2 from an indirect band gap to a direct band gap by reducing the number of layers is shown in fig. 1.2: b (bulk), c (four-layers), d (two-layers), and e (mono-layer). Splendiani and co-workers [START_REF] Splendiani | Emerging Photoluminescence in Monolayer MoS2[END_REF] carried out a theoretical investigation and observed that by decreasing the number of MoS2 layers, the indirect band gap monotonously increased. For monolayer MoS2, the transition energy reaches very high thus the material show transition to a direct band gap semiconductor. Besides, some TMDs also show structural phase transitions, yielding properties from semiconductor-to-semimetal. This unique physical mechanism makes TMDs potential candidates for phase-change nanoelectronics devices. Fig. 1.3 shows the possible structural polymorphs of TMDs: the most common 2H crystal structure (a) seen in Mo-X2 and W-X2 represents a direct bandgap semiconductor phase, having potential applications for transparent electronic and optoelectronics 11 ; 1T crystal structure (b) is often seen in the group IV and V TMDs, like TeSe2 and TeS2, has metallic phase characteristics [START_REF] Wilson | The Transition Metal Dichalcogenides Discussion and Interpretation of the Observed Optical, Electrical and Structural Properties[END_REF] . Theoretical calculations have suggested that the 1T phase in group VI TMDs, like Mo and W based, is unstable without external stabilizing influences [START_REF] Duerloo | Structural Phase Transitions in Two-Dimensional Mo-and W-Dichalcogenide Monolayers[END_REF] . However, TMDs of group VI exhibit a stable distorted 1T phase known as 1T' structure (c), which is known for its semi-metal characteristics [START_REF] Wilson | The Transition Metal Dichalcogenides Discussion and Interpretation of the Observed Optical, Electrical and Structural Properties[END_REF] . [START_REF] Li | Structural Semiconductor-to-Semimetal Phase Transition in Two-Dimensional Materials Induced by Electrostatic Gating[END_REF] .

Figure 1.3 Polymorphs of monolayer TMDs: The top schematics show cross-sectional views, and the bottom schematics show basal plane views. The grey atoms are transition metal atoms and the red atoms are chalcogen atoms; in all three phases, a layer of transition metal atoms (M) is sandwiched between two chalcogenide layers (X). The semiconducting 2H phase (a) has a trigonal prismatic structure, and the metallic 1T (b) and semi-metallic 1T' phases (c) have octahedral and distorted octahedral structures, respectively. The grey shadow represents a rectangular computational cell with dimensions a x b, and the red shadow represents the primitive cell

Van der Waal heterostructures based on 2D materials have recently been gaining huge attention from a scientific point of view. The basic idea of such heterostructures is to stack different TMDs or other 2D layers on top of each other. These heterostructures can have a number of chemical compositions by incorporating many transition metals and chalcogen elements presented in the periodic table in fig. 1.4a [START_REF] Chhowalla | The Chemistry of Two-Dimensional Layered Transition Metal Dichalcogenide Nanosheets[END_REF] . Such type of heterostructure formation is very simple and efficient, for instance, placing a monolayer crystal on another monolayer or multilayer crystal and so on. The resulting stack is an artificial multilayer material as shown in fig. 1.4b, having a unique combination of different properties based on the types and sequences of crystals assembled together [START_REF] Blackstone | Van Der Waals Heterostructures-Recent Progress in Electrode Materials for Clean Energy Applications[END_REF] . Physically, the strong covalent bonding gives in-plane stability to the crystals, while, the weak Van der Waals interaction is sufficient to bind the stack. The idea of staking different 2D crystals to form multilayer heterostructures has recently been executed in experiments [START_REF] Ponomarenko | Tunable Metal-Insulator Transition in Double-Layer Graphene Heterostructures[END_REF][START_REF] Haigh | Cross-Sectional Imaging of Individual Layers and Buried Interfaces of Graphene-Based Heterostructures and Superlattices[END_REF] and, surprisingly, this technique works better than expectations. [START_REF] Blackstone | Van Der Waals Heterostructures-Recent Progress in Electrode Materials for Clean Energy Applications[END_REF] .

b), Building van der Waals heterostructures. If one considers 2D crystals to be analogous to Lego blocks (right panel), the construction of a huge variety of layered structures becomes possible. Conceptually, this atomic-scale Lego resembles molecular beam epitaxy but employs different 'construction' rules and a distinct set of materials

Atomic defects and their influence on graphene properties

Lattice imperfections or disorders are commonly present in crystalline materials. Like all materials, various structural irregularities or anomalies referred to as defects are unavoidably introduced in graphene during the growth or processing steps. Such defects strongly influence graphene properties and hinder the overall performance of graphene-based devices. For instance, graphene is known for owing unique physical and chemical properties that are benefited from the closely-packed perfect hexagonal structure of a single atomic layer of sp 2 hybridized carbon atoms. When defects or any anomalies are present in the lattice, they will have a strong influence on the properties due to breaking the perfect geometrical symmetry. Therefore, the electronic properties of graphene measured experimentally are generally lower than the theoretical predictions. This is a big limitation of the unavoidable defects existing in the graphene structure. On one side, defects destroy the geometrical symmetry of graphene and give a negative impact on the properties. On the other side, they can be beneficial in governing the local properties or integrating new desirable properties into graphene if they are introduced in a well-controlled way. As a result, graphene functionalities can be extended for a wide range of applications. For example, pristine graphene possesses huge mobility and conductivity values, but it cannot be readily used for transistors and circuit-based applications because of the unique zero band-gap electronic structure, which does not provide a high enough switching (on/off) ratio. However, this limitation from the zero band gap structure can be addressed by intentionally incorporating defects in the crystal structure. Opening of the bandgap in graphene has been extensively investigated and observed by introducing a good amount of defects, which enable graphene for transistors-based applications [START_REF] Nourbakhsh | Bandgap Opening in Oxygen Plasma-Treated Graphene[END_REF] . There is a trade-off between the negative influence of defects on the local physical properties and designing new desirable properties into graphene with controlled defects integration. Therefore, a good understanding of defect types and their impact on graphene properties is necessary to take benefit of this novel material for various advanced technological developments. In this section, I give an overview of the common types of defects that can exist in graphene during the growth or processing steps as well as their critical impact on the local physical and chemical properties. Moreover, I will provide insight into how defects can play a key role in altering graphene properties to expand its functionalities for a wide range of applications.

Vacancy-type defects are commonly found in the graphene structure due to the complexities of its large-scale growth. Vacancies can be defined as carbon atoms removed from the lattice of graphene. The terminology of vacancy type is based on the number of terminated carbon atoms, for example, mono-vacancy for single carbon atom removal, di-vacancy for two missing carbon atoms, and so on. Figure 1.5 shows a ball-stick atomic model of pristine graphene (a) and graphene with different vacancy types: mono-atomic vacancy (b), di-atomic vacancy with adjacent carbon atoms removal (c), and randomly distributed di-atomic vacancies (d) [START_REF] Kumar | A First Principle Study of Structural and Electronic Properties of Graphene Monolayer with Vacancies[END_REF] . [START_REF] Kumar | A First Principle Study of Structural and Electronic Properties of Graphene Monolayer with Vacancies[END_REF] .

Figure 1.5 Graphene structure with different types of vacancy: (a) Pristine graphene, (b) graphene with mono-atomic vacancy, (c) graphene with an adjacent di-atomic vacancy, and (d) graphene with random di-atomic vacancy

Mono-carbon atom vacancy often undergoes the Jahn Teller distortion that promotes rearrangement of the structure by forming a 5-9 carbon atom ring by saturating two of the three dangling bonds as indicated in the DFT obtained atomic structure model and the corresponding transmission electron microscopy (TEM) image in fig. 1.6a [START_REF] Meyer | Direct Imaging of Lattice Atoms and Topological Defects in Graphene Membranes[END_REF] . One dangling bond always remains because of geometrical reasons. Vacancy defects are not easily formed in graphene. To sputter a single carbon atom from the lattice requires 18-20 eV energy [START_REF] Smith | Electron Irradiation Effects in Single Wall Carbon Nanotubes[END_REF] . This can be achieved by the bombardment of ions in plasma or by electrons > 86 keV in TEM. Furthermore, monocarbon atom vacancies are not stable, they can easily migrate and merge into adjacent di/multiatomic vacancies. Such migration needs low activation energy of 1.3 eV. Di-atomic vacancy in graphene often undergoes atomic rearrangement where all dangling bonds are saturated. Fig. 1.6b shows the reconstructed structure of adjacent di-atomic vacancy with two pentagons and one octagon carbon ring. There can be other possible atomic rearrangements that take place with adjacent di-atomic vacancies [START_REF] Lee | Coalescence, and Reconstruction of Vacancy Defects in Graphene Layers[END_REF][START_REF] Cretu | Migration and Localization of Metal Atoms on Strained Graphene[END_REF][START_REF] Banhart | Structural Defects in Graphene[END_REF] . It has been studied that during the atomic rearrangement, the overall atomic network remains coherent with minor alterations in the bond length around the defective sites. The formation energy of the adjacent di-atomic vacancy was calculated similarly to mono-atomic vacancies, 8eV (4eV per atom) [START_REF] Krasheninnikov | Bending the Rules: Contrasting Vacancy Energetics and Migration in Graphite and Carbon Nanotubes[END_REF][START_REF] El-Barbary | Structure and Energetics of the Vacancy in Graphite[END_REF] . As discussed before, defects are able to alter the electronic band structure of graphene. Defects typically alter the bond lengths in the strain field arising around the defective sites, which promotes re-hybridization of σ and π orbitals and alters the electronic structure. Most of the defects serve as scattering sources for the charge carriers and modify their trajectories [START_REF] Cortijo | Effects of Topological Defects and Local Curvature on the Electronic Properties of Planar Graphene[END_REF][START_REF] Rutter | Scattering and Interference in Epitaxial Graphene[END_REF] . As an outcome, the electronic structure is different in the presence of defects compared to the one of a perfect lattice, as discussed in many reports [START_REF] Castro Neto | The Electronic Properties of Graphene[END_REF][START_REF] Ugeda | Missing Atom as a Source of Carbon Magnetism[END_REF][START_REF] Lahiri | An Extended Defect in Graphene as a Metallic Wire[END_REF] . In particular, vacancy defects have been reported to modify the band structure of graphene [START_REF] Kumar | A First Principle Study of Structural and Electronic Properties of Graphene Monolayer with Vacancies[END_REF] as shown in fig. 1.7, which compares the electronic band structure of pristine and defective graphene. In pristine graphene (fig. 1.7a), the valance band and the conduction band touch each other at the Dirac point K, although the Dirac cone disappears in the presence of mono-vacancy (fig. 1.7b) and di-atomic random vacancies (fig. 1.7d). Surprisingly, the band structure of graphene with adjacent di-atomic vacancy shows that the Dirac cone still remains preserved (fig. 1.7c) but its position slightly shifts from K to some intermediate point between K-Γ. Vacancies have also been observed to increase the density of states at the Fermi energy [START_REF] Ugeda | Missing Atom as a Source of Carbon Magnetism[END_REF] . The presence of vacancy defects is also known to promote the scattering of electrons that minimize the localization length and disturb the ballistic electronic transport in graphene [START_REF] Cortijo | Effects of Topological Defects and Local Curvature on the Electronic Properties of Planar Graphene[END_REF][START_REF] Rutter | Scattering and Interference in Epitaxial Graphene[END_REF] . As a result, a huge decrease in the mobility and conductivity of graphene can be observed [START_REF] Chen | Defect Scattering in Graphene[END_REF] . In summary, vacancy defects tend to reduce the electronic transport properties, but, at the same time, they are able to open a band gap in the electronic structure of graphene. This can be a huge advantage of such type of defect that can lead towards bandgap engineering for the development of graphene-based nanoelectronics. [START_REF] Kumar | A First Principle Study of Structural and Electronic Properties of Graphene Monolayer with Vacancies[END_REF] .

Figure 1.7 Electronic band structure of graphene with different types of atomic vacancies: (a) pristine graphene, (b) graphene with mono-atomic vacancy, (c) graphene with adjacent (ordered) di-atomic vacancy, and (d) graphene with random di-atomic vacancy

Another important physical property of graphene that can be affected by the presence of vacancy-type defects is magnetism. The study of magnetism in pure carbon materials has been an interesting topic for a long time in theoretical and experimental research domains [START_REF] Yazyev | Emergence of Magnetism in Graphene Materials and Nanostructures[END_REF][START_REF] Yazyev | Magnetism in Disordered Graphene and Irradiated Graphite[END_REF] . Such studies can be useful for the development of advanced memory-based devices with lightweight non-metallic magnets having a Curie point above room temperature. In fact, carbon-based materials are not intrinsically magnetic, but defect-induced magnetism has been observed in graphitic materials [START_REF] Yazyev | Emergence of Magnetism in Graphene Materials and Nanostructures[END_REF] . Magnetism was reported in the polymerized fullerene [START_REF] Kumar | Ferromagnetism Induced by Heavy-Ion Irradiation in Fullerene Films[END_REF] , nanotubes [START_REF] Friedman | Possible Room-Temperature Ferromagnetism in Hydrogenated Carbon Nanotubes[END_REF] , and graphite [START_REF] Ramos | Magnetic Properties of Graphite Irradiated with MeV Ions[END_REF] . Theoretical calculations explained the magnetic characteristics found in all of those systems were due to the presence of defects in the graphitic structure; those defects were defined as less number of coordinated carbon atoms, like in vacancies [START_REF] Andriotis | Magnetic Properties of C 60 Polymers[END_REF] and dangling bonds free or passivated with hydrogen at the edge [START_REF] Son | Half-Metallic Graphene Nanoribbons[END_REF] . Particularly, vacancies are responsible for the local magnetic moment that may lead to flats bands and ultimately give rise to magnetic ordering. An interesting study from the group of Prof. Fuhrer 42 has shown the Kondo effect in a vacancy defect integrated graphene-based transistor (fig. 1.8a). Basically, the Kondo effect indicates localized moments present in the material. This shows that (mono) vacancies in graphene are local magnetic moments that behave like tiny magnets [START_REF] Chen | Tunable Kondo Effect in Graphene with Defects[END_REF] . Furthermore, such local magnetic moments interact with the electrons in graphene, leading to an increase in the electrical resistance at low temperatures, this phenomenon is known as the Kondo effect. Figure 1.8b. shows a comparison between the behaviour of the vacancy-integrated graphene transistor and the universal Kondo behavior [START_REF] Chen | Tunable Kondo Effect in Graphene with Defects[END_REF] . The curve represents the relation between the Kondo resistivity and Kondo temperature at different gate voltages. The red line indicates the Universal Kondo behaviour plotted from the numerical renormalization group calculation [START_REF] Costi | Transport Coefficients of the Anderson Model via the Numerical Renormalization Group[END_REF] . The experimental data shows well-match with the universal Kondo behaviour. [START_REF] Chen | Tunable Kondo Effect in Graphene with Defects[END_REF] .

Figure 1.8 Kondo effect in a vacancy defect integrated graphene-based transistor: a. Schematic of a graphene transistor showing graphene (red), gold electrodes (yellow), silicon dioxide (clear), and silicon substrate (black). The inset shows the graphene lattice with vacancy defects. Vacancies (missing atoms) are shown surrounded by blue carbon atoms. b. Relationship between the Kondo resistivity and Kondo temperature at different gate voltages for vacancy-incorporated graphene transistors. The red line indicates the Universal Kondo behaviour plotted from the numerical renormalization group calculation

The mechanical properties of graphene are theoretically impressive with Young's modulus of up to 1 TPa and ultra-high tensile strength. Defects affect the mechanical characteristics of graphene by modifying the modulus, which can be measured by AFM-based nanoindentation. Mono-vacancies have been reported to decrease mechanical strength by affecting Young's modulus [START_REF] Hao | Mechanical and Thermal Transport Properties of Graphene with Defects[END_REF] . The density of single vacancy defects and the change in Young's modulus shows a linear relation, although other defects like stone-wales dislocation (SW) and young's modulus relation is nonlinear as shown in fig. 1.9. The mechanical properties have also been investigated for sp [START_REF] Brodie | On the Atomic Weight of Graphite[END_REF] hybridized carbon atoms and vacancies in graphene. It is observed that the elastic modulus was not changed with sp 3 carbon atoms density but is sensitive to vacancies (the elastic modulus is reduced significantly with a higher density of vacancies in graphene [START_REF] Zandiatashbar | Effect of Defects on the Intrinsic Strength and Stiffness of Graphene[END_REF] ). Impurity defects are defined as substituting or adding heteroatoms (atoms of different elements) in the lattice of graphene. Substitution takes place when a heteroatom replaces one or more carbon atoms in the lattice structure. Substitutional doping is known to be stable because of the strong covalent bonding between the host carbon atom and the dopant. Adatoms also lead to impurity defects in graphene, they are defined as adding heteroatoms at high symmetrical positions such as on the top of the carbon atom, at the center of the hexagon ring, or at the bridge position. When there is a vacancy present in the structure, a foreign atom can be easily filled the void and form impurity defects. To date, the addition of various heteroatoms in the graphene structure has been studied including metalloids (B and Si), non-metals (N, P, and S), halogens (F, Br, and I), and metals (Co, Fe, Mn, Ni, Au, and Bi) [START_REF] Tian | A Review on Lattice Defects in Graphene: Types, Generation, Effects and Regulation[END_REF][START_REF] Mao | Silicon-Doped Graphene Edges: An Efficient Metal-Free Catalyst for the Reduction of CO 2 into Methanol and Ethanol[END_REF][START_REF] Cui | N-Doped Graphene Frameworks with Superhigh Surface Area: Excellent Electrocatalytic Performance for Oxygen Reduction[END_REF][START_REF] Nguyen | Doping Mechanism Directed Graphene Applications for Energy Conversion and Storage[END_REF] . Among them, boron and nitrogen are natural substitutional dopants in the carbon lattice because they own one electron extra or less compared to that of carbon. Additionally, these dopants have roughly similar atomic radii, thus they can easily be trapped into single carbon atom vacancy, whereas the bigger radii atoms like transition metals prefer to sit on multi-vacancy [START_REF] Zhao | Visualizing Individual Nitrogen Dopants in Monolayer Graphene[END_REF][START_REF] Wang | Doping Monolayer Graphene with Single Atom Substitutions[END_REF] . Figure 1.10 shows an atomic model of graphene with substitutional impurity of boron atoms in a hexagonal carbon ring (a) [START_REF] Ci | Atomic Layers of Hybridized Boron Nitride and Graphene Domains[END_REF] and nitrogen atoms at different positions in graphene, giving rise to different N-species (pyridinic-N, graphitic-N, pyrrolic-N, and pyrazole-N) (b). These different N-species have different effects on the carrier concentration, leading to distinct modifications of the electronic structure of graphene [START_REF] Li | Unraveling the Formation Mechanism of Graphitic Nitrogen-Doping in Thermally Treated Graphene with Ammonia[END_REF] . Substitutional doping is an efficient way for band gap engineering in graphene. The number of valence electrons of the dopants with respect to that of carbon atoms decides whether P-type or N-type doping will take place in graphene. These types of doping are a straightforward way to modify graphene's electronic properties by adding charges into the valance band or conduction band. For instance, charge insertion is obtained in graphene with metal contacts, which results in a shift in the fermi level [START_REF] Giovannetti | Doping Graphene with Metal Contacts[END_REF] . Moreover, doping with boron (p-type) or nitrogen (n-type) is a popular way to make graphene applicable for nanoelectronics devices by shifting the fermilevel and opening the band gap. Since Boron has one less valence electron than carbon, boron doping gives rise to charge polarization in graphene and introduces holes in the valance band. As a result, the fermi energy shifts towards the valance band and induces p-type doping in graphene as shown in fig. 1.11a. By contrast, nitrogen has one more valence electron than carbon, thus serving as an electron donor to the conduction band of graphene. As a result, Fermi level upshift and n-type doping takes place as shown in fig. 1.11b [START_REF] Nguyen | Doping Mechanism Directed Graphene Applications for Energy Conversion and Storage[END_REF] . According to the shifting of the Fermi energy level, the work function (WF), the difference between vacuum energy and the Fermi level, is modified. WF modification is one of the essential parameters for catalytic material used in several energy applications like oxygen reduction reactions in fuel cells [START_REF] Akada | Work Function Lowering of Graphite by Sequential Surface Modifications: Nitrogen and Hydrogen Plasma Treatment[END_REF][START_REF] Cheon | Intrinsic Relationship between Enhanced Oxygen Reduction Reaction Activity and Nanoscale Work Function of Doped Carbons[END_REF] . In addition to substitutional doping (fig. 1.11c), surface charge transfer doping can also take place in graphene as shown in fig. 1.11 d and e, which is based on the charge separation at the interfaces by adsorbing p-type or n-type dopants on the graphene surface. Substitutional doping, particularly with boron and nitrogen atoms is one of the considerable interests for developing graphene-based electronic devices since these dopants not only induce a shift in fermi level but also allowed electronic band gap engineering in graphene [START_REF] Ci | Atomic Layers of Hybridized Boron Nitride and Graphene Domains[END_REF] . In addition to the bandgap opening, other physical properties of graphene can be modified by impurity defects. Magnetism is induced in graphene with heteroatoms, like hydrogen or nitrogen, which are not magnetic themselves 36 but provide a specific chemical environment that promotes local magnetic moments in graphene. Furthermore, the effect of impurity defects on graphene mechanical properties has also been investigated. It has been seen that oxygen heteroatoms in graphene reduce Young's modulus of graphene by 42.4% compared to that of non-defective graphene. On the contrary, tensile strength remained almost unchanged. This phenomenon is attributed to the bending of the graphene sheet in the presence of O atoms. Tensile strength depends on the C-C bond strength, in the case of C-O-C, carbon atoms are still connected to each other, resulting in a very small change in the tensile strength [START_REF] Yazyev | Magnetism in Disordered Graphene and Irradiated Graphite[END_REF] .

Topological defects often take place during the growth of large-scale graphene monolayers. Such defects are responsible for polycrystalline graphene growth by altering the bond angle rotation between carbon atoms. Topological defects include disclination, dislocations, and grain boundaries. An interesting feature of these defects is that they can exist in the graphene structure without introducing atomic disorder (removal or addition of extra atoms). Figure 1.12a shows a disclinations configuration produced by the addition or removal of a 60° wedge in graphene structure [START_REF] Yazyev | Topological Defects in Graphene: Dislocations and Grain Boundaries[END_REF] . The positive 60° wedge angle promotes a pentagon ring formation in the honeycomb structure, whereas the negative 60° wedge angle leads to a heptagon formation in the graphene structure. The non-hexagonal ring in graphene gives rise to the non-planar structure. However, disclinations are rarely seen in a single graphene sheet because they require higher formation energy [START_REF] Yazyev | Polycrystalline Graphene and Other Two-Dimensional Materials[END_REF] . Another bond rotation defect is dislocation, which is a combination of two or more complementary disclinations. The concept of dislocation can be understood by a semi-infinite strip of width b (b is Burgers vector) incorporated into the graphene structure as shown in figure 1.12b 57 . The role of the dislocation core is to give rise to pentagon and heptagon ring pairs at the end of the strip. The combination of dislocation and declination defects have also been observed in graphene, which led to a small loop of grain boundary in a new form referred to as flower defect. Flower defects are stable and frequently observed in chemical vapor deposition (CVD)-grown graphene. Figure 1.13 shows flower defects incorporated in the graphene structure. Such defect consists of 5-7 carbon rings having 30°+ rotation around the central ring. Theoretical studies have shown that the flower defects distributed randomly or in a controlled way in the graphene layer can provide a way to modify the electron transport [START_REF] Cresti | Charge and Thermal Transport of Flowered Graphene[END_REF] or spin transport properties [START_REF] Kang | Spin Transport in Zigzag Graphene Nanoribbon with a Flower Defect[END_REF] . Grain boundaries (GB) are the most frequent and interesting extended dislocation defect seen in CVD-grown large-scale polycrystalline graphene. It is because each grain of the metallic growth substrate acts as a nucleation site, giving rise to the growth of individual grains of graphene [START_REF] Li | Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils[END_REF] . GB is a bridge between two crystallographic misoriented graphene grains that are joined together. Figure 1.14 shows a structure of tilted GB with zig-zag and arm-chair orientation between two misoriented graphene domains [START_REF] Grantab | Anomalous Strength Characteristics of Tilt Grain Boundaries in Graphene[END_REF] . The misorientation angles between the two domains are indicated in each image. Zig-zag oriented GB (image sequences: A-C) is composed of 5-7 member ring pairs that are separated with many hexagon rings. With increasing misorientation angle, the number of hexagon rings that are separating 5-7 pairs decreases and reaches up to a limit for 21.7° misoriented domains where only a single hexagon separates the 5-7 ring pair, referred to as large angle grain boundary I (LAGB I). Thus, a higher disorder density leads to a larger misorientation angle. Image sequences (D-F) show the armchair oriented GB, composed of two diagonally opposite arranged 5-7 rings that are separated by many hexagon pairs. As the misorientation angle increases the number of separating hexagon rings decreases and reaches up to a limit for 30° misoriented grains where no intermediate hexagon ring is found, which is known as large angle grain boundary II (LAGB II). The formation energy of such topological defects including dislocations, LAGB I and LAGB II are shown in fig. 1.14G. LAGB I and LAGB II show lower formation energies of 0.338 eV/ Å and 0.284 eV/ Å, explaining the abundance of LAGB I and LAGB II GBs in a polycrystalline graphene [START_REF] Yazyev | Topological Defects in Graphene: Dislocations and Grain Boundaries[END_REF] . [START_REF] Yazyev | Topological Defects in Graphene: Dislocations and Grain Boundaries[END_REF] .

Figure 1.13 Flower defect in graphene due to the combination of dislocation and declination defects: (a-d) Experimental flower-related defects of increasing size. (e-h) DFT calculated flower-related defects of increasing size: (e) unitary flower T1, (f-g) double flowers with vacancies and raw, and (h) triple flower T2. Pentagons and heptagons are highlighted in green and magenta, respectively, in both series. (i) Series of triangular-based domain Tn. The different colours correspond to the different orientations of graphene inside (blue) or outside (red) of the domain. The formation energy per pair

Figure 1.14 Structure of tilted GB with zig-zag and arm-chair orientation between two misoriented graphene domains: The structures of grain boundaries in (A to C) zigzag-oriented and (D to F) armchair-oriented graphene sheets with varying mismatch angles 62 . G, Grain boundary energy per unit length γ as a function of misorientation angle θ for various flat (filled symbols) and buckled (open symbols) grain boundary structures. The two energetically favorable large-angle grain boundaries, LAGB I and LAGB II, are labelled. The solid curve shows the Read-Shockley equation fit (r0 = 1.2 Å) for the flat small-angle armchair grain boundaries. The dashed curve shows the asymptotic linear dependence of γ for the buckled small-angle armchair grain boundaries (Ef = 7.5 eV)

Topological defects, such as dislocations and disclination induce lattice distortion that may alter the interatomic bond length and consequently tailor the band structure of graphene. SW dislocations in the graphene nanoribbons were seen to introduce new states in the band gap [START_REF] Boukhvalov | Chemical Functionalization of Graphene with Defects[END_REF] . Theoretical predictions suggested that the position of these states can also be governed by defect density and the positions of the defects with respect to the edges of the nanoribbon. Furthermore, GBs are known to impact the electronic transport properties of graphene [START_REF] Yazyev | Topological Defects in Graphene: Dislocations and Grain Boundaries[END_REF] . It has been observed that a strong scattering of charges is caused by GBs, resulting in disturbance in electronic transport. Therefore, the electronic properties of polycrystalline graphene are found to be lower, i.e decreased mobility, increased resistance values, etc. [START_REF] Song | Origin of the Relatively Low Transport Mobility of Graphene Grown through Chemical Vapor Deposition[END_REF] . Figure 1.15 shows a comparison of the transport mobility between polycrystalline CVD-graphene (CVD-G) and monocrystalline Kish-graphene samples (Kish-G). The graph shows that the point defects in Kish-G samples decrease the transport mobility (marked by a red circle), but the mobility values of these samples remain higher than that of the polycrystalline CVD-G (marked by a blue circle) for the same Id/Ig ratio. This comparative study suggests that the lower transport mobility of CVD-G is not caused by its point defects but arises from line defects of GBs. Moreover, the properties of polycrystalline graphene are often dominated by the size of grains and the structure of the grain boundary [START_REF] Ma | Tailoring the thermal and electrical transport properties of graphene films by grain size engineering[END_REF] . Therefore, the atomic structural study of GBs is useful to correlate their structure with the resulting properties. Grain boundaries in larger gain-size graphene exhibit relatively better conductive performance [START_REF] Li | Graphene Films with Large Domain Size by a Two-Step Chemical Vapor Deposition Process[END_REF] . It has been suggested that increasing the size of grains can be a useful way to experimentally improve the conductivity of graphene. [START_REF] Ma | Tailoring the thermal and electrical transport properties of graphene films by grain size engineering[END_REF] .

Figure 1.15 Comparison of transport mobility between polycrystalline and monocrystalline graphene samples: mobility (μ) versus ID/IG ratio for CVD-G and Kish-G samples

Defects in graphene for surface-based applications

Graphene holds huge potential for surface-based applications owing to its large surface area, ultra-high flexibility, chemical stability, and mechanical strength. However, graphene cannot be readily used for surface-active applications since its surface is inherently chemically inert and hydrophobic. It has been discussed in the previous section that defects are unavoidable and play an important role in governing graphene's physical properties, enabling it for nanoelectronics applications. In this section, I will discuss the impact of defects on the chemical properties and the surface reactivity of graphene with the purpose to make it useful for various surface-active applications, such as chemical/bio-sensors, filtration membranes for gas or water molecules, etc.

Ideally, graphene is chemically inert, therefore the interaction between the surface and other molecules is often via physical adsorption (pi-pi interaction). However, it has been seen that the edges of graphene ribbons that are decorated with hydrogen atoms are more reactive and are able to host many chemical groups like carboxyl, hydroxyl, amines, and hydrogenated [START_REF] Liu | Graphene Edge from Armchair to Zigzag: The Origins of Nanotube Chirality?[END_REF] . The surface reactivity of graphene can be improved with structural irregularities/defects and corrugation with a high order of curvature [START_REF] Boukhvalov | Enhancement of Chemical Activity in Corrugated Graphene[END_REF] . Besides, wrinkles in graphene give higher hydrophobicity and promote tunable wettability 69 . It has also been reported that structural defects associated with dangling bonds significantly enhance graphene surface reactivity. Specifically, a number of numerical simulations have suggested that hydroxyl and carboxyl groups can easily be attached to vacancy defects in graphene [START_REF] Boukhvalov | Chemical Functionalization of Graphene with Defects[END_REF][START_REF] Cantele | Spin Channels in Functionalized Graphene Nanoribbons[END_REF] . Figure 1.16 explains the origin of chemical reactivity in graphene [START_REF] Yan | Chemistry and Physics of a Single Atomic Layer: Strategies and Challenges for Functionalization of Graphene and Graphene-Based Materials[END_REF] . Pristine graphene is chemically stable, the reason being all the Pz orbitals of graphene are strongly bonded to each other and makes a delocalized pibonding system (fig. 1.16a). This pi-electron system prevents graphene from the addition of covalent bonds, i.e. chemisorption of molecules at its surface. However, various complex interactions for graphene remain possible, for instance, with organic compounds and transition metals, the reactions can take place via pi-pi, H-pi, and metal-pi interactions. By contrast, graphene with edges, dangling bonds, and other structural anomalies show a higher chemical reactivity and the edge carbon atoms are usually saturated with chemical groups, like hydrogen. Unlike carbon atoms in the basal plane, edge carbon atoms are free to adopt tetrahedral geometry without rising additional strain. Therefore, edge carbon atoms are preferred for covalent addition. Zig-zag edges are particularly more reactive in graphene (fig. 1.16b). Similarly, vacancies consisting of dangling bonds inside the basal plane possess higher reactivity (fig. 1.16c). Curvature in graphene also shows enhanced reactivity as it leads to reduce the overlapping of Pz orbital of one carbon atom with that of the neighboring carbon atoms, as shown in fig. 1.16d. Thus, curvatures introduce new localized states of higher energies, which leads to improving the reactivity of graphene. preferentially trapped on the reconstructed vacancy [START_REF] Cretu | Migration and Localization of Metal Atoms on Strained Graphene[END_REF] . Substitutional dopants such as boron or nitrogen atoms possess more or fewer valance electrons than carbon atoms, which increase the reactivity of the graphene surface [START_REF] Bo | The Influence of Boron Dopant on the Electrochemical Properties of Graphene as an Electrode Material and a Support for Pt Catalysts[END_REF] . Nitrogen-doped graphene is often applied as an electrocatalyst for the reduction process [START_REF] Qu | Nitrogen-Doped Graphene as Efficient Metal-Free Electrocatalyst for Oxygen Reduction in Fuel Cells[END_REF] . Besides, another way to improve graphene surface reactivity is to react it with halogens, i.e. chlorine [START_REF] Fan | One-Step Synthesis of Chlorinated Graphene by Plasma Enhanced Chemical Vapor Deposition[END_REF][START_REF] Bouša | Toward Graphene Chloride: Chlorination of Graphene and Graphene Oxide[END_REF] , and fluorine [START_REF] Robinson | Properties of Fluorinated Graphene Films[END_REF][START_REF] Liu | Electronic and Magnetic Properties of Fluorinated Graphene with Different Coverage of Fluorine[END_REF] atoms. Oxygenated groups attached to SP 2 hybridized surface also alter the surface reactivity of graphene and make the surface hydrophilic [START_REF] Dikin | Preparation and Characterization of Graphene Oxide Paper[END_REF] .

Such defects have the potential to enhance the surface reactivity of graphene, making it applicable to a wide range of surface-active applications. In the following section, I will provide an overview of specific atomic defects that should be incorporated in graphene in a controlled way for particular surface-active applications.

Surface functionalization

Graphene is a promising material for advanced gas sensor-based devices. Sensors based on graphene can show high sensitivity to detect many gas molecules that either withdraw or donate electrons, thus modifying the conductivity of graphene (which is monitored by the sensor). While sensitivity is obviously one important parameter for sensors, their selectivity towards the detected species is also very important, which is a lack in graphene-based sensors. Functionalization of the graphene surface is an efficient way to improve its selectivity. Selective sensing is based on the interaction strengths between the molecule to be detected and the functional species that can preferentially host the targeted species. Graphene surface functionalization can be covalent or non-covalent. Covalent functionalization leads to change in the hybridization of graphene and thus, modifies the electronic transport properties. Noncovalent functionalization involves Van der Waals interactions, for instance, aromatic molecules can be attached to graphene by pi-pi interaction and do not modify the structural network, thus preserving the intrinsic properties of graphene. Zhang and co-workers 81 attempted to enhance graphene selective sensing for hydrogen gas by decorating its surface with metal-oxide nanoparticles. Figure 1.17 shows the comparative selective sensitivities of graphene and the metal-oxide nanoparticles (NPs) functionalized graphene field-effect transistor (FET) devices. Pristine graphene FET (fig. 1.17a) shows no sensitivity to hydrogen gas due to the absence of dangling bonds. By contrast, the graphene FET decorated with metaloxide NPs (fig. 1.17b) has a higher density of dangling bonds due to the presence of NPs, which helps to interact with the gas molecules from the surrounding environment. The electrical performance was investigated for both of the FET devices. Graphene FET was investigated under different atmospheres: air, hydrogen, and vacuum; it is obvious to observe that there is no change in the sensor response to changing the environment as shown in fig. 1.17c. The graphene FET decorated with the NPs exhibits excellent sensitivity to hydrogen gas among other atmospheric gases (fig. 1.17d). There are many studies carried out where graphene surfaces were functionalized with different molecules to be able to improve selectivity to specific target gas molecules. For instance, it was studied that CVD-grown graphene functionalized with co-porphyrin molecules showed highly selective sensing for ammonia gas molecules [START_REF] Mackin | Chemiresistive Graphene Sensors for Ammonia Detection[END_REF] . This investigation recorded that the functionalized graphene surface with coporphyrin increased the response to ammonia detection four times. Graphene with polymer functionalization often improves the selectivity of the graphene sensor because strong bonds can be formed between the polymer and targeted gases [START_REF] Yoon | An Ultra-Sensitive, Flexible and Transparent Gas Detection Film Based on Well-Ordered Flat Polypyrrole on Single-Layered Graphene[END_REF] . It has been shown that graphene functionalized with polypyrrole detects NO2 and NH3 with good detection limits of 0.03 ppb and 0.04 ppb, respectively. In addition to gas sensing, graphene is a promising candidate for biomedical sensors with surface functionalization [START_REF] Hong Tsang | Chemically Functionalised Graphene FET Biosensor for the Label-Free Sensing of Exosomes[END_REF] .

Figure 1.17 Comparison of selective sensitivity of graphene and metal-oxide nanoparticles functionalized graphene FET devices: (a) The schematic of a pristine graphene transistor with no sensitivity to hydrogen. (b) The schematic of graphene FET is decorated by metal-oxide NPs with an obvious sensitivity to hydrogen. (c) graphene transistor with no obvious sensitivity to different external environments, especially to hydrogen gas. (d) The selectivity of graphene FET decorated with SnO2

NPs in different atmosphere conditions: Air, CO, NO, and H2. The gas concentration was 1000 ppm 81 .

Pores in graphene

Another useful application of defects in graphene is for molecular filtration membranes, which are generally used to separate physically different substances. For a long time, molecular separation has been an important process to provide a pure substance from a mixture of substances. This process is widely used in industries for gas molecules separation, hydrogen production, desalination of seawater, DNA sequencing, etc [START_REF] Geankoplis | Transport Processes and Separation Process Principles:(Includes Unit Operations)/Christie John Geankoplis[END_REF][START_REF] Baker | Research Needs in the Membrane Separation Industry: Looking Back, Looking Forward[END_REF][START_REF] Baker | Natural Gas Processing with Membranes: An Overview[END_REF] . Among them, gas separation and water purification through filtration membranes are recently gaining huge interest owing to global needs. Graphene is a promising candidate as an ideal physical separation membrane with excellent mechanical strength to withstand high pressure applied, large surface area, chemical stability, biocompatibility, and closed-pack honeycomb structure. However, the first experiment of graphene as a filtration membrane demonstrated that perfect graphene is impermeable to all gas atoms including helium [START_REF] Bunch | Impermeable Atomic Membranes from Graphene Sheets[END_REF] . The pi-orbitals of graphene provide a highly dense and delocalized electron cloud that provides a geometric pore of 0.06 nm, which is even smaller than helium and hydrogen molecules. The electron cloud repels all atoms and molecules that attempt to pass through the aromatic ring of graphene as shown in figure 1.18 [START_REF] Leenaerts | A Perfect Nanoballoon[END_REF][START_REF] Berry | Impermeability of Graphene and Its Applications[END_REF] .

Figure 1.18

The molecular structure of graphene with a rough electron density distribution that provides a geometric pore of 0.064 nm: While graphene is relatively transparent to electrons, it is practically impermeable to all molecules at room temperature. The geometric pore (0.064 nm) is also small enough to not to allow molecules to pass through, the Waals diameter of small molecules like helium and hydrogen: 0.28 nm and 0.314 nm (bond-length), respectively [START_REF] Berry | Impermeability of Graphene and Its Applications[END_REF] .

After extensive efforts, researchers suggested that artificial pore engineering in graphene may help to overcome this limitation. Pores with narrower size distribution (≤ 1nm) can improve the permeability and permeation selectivity of targeted atoms or molecules through graphene. As a result, porous graphene can be used to separate physically a large range of atoms and molecules with high efficiency. Figure 1.19 shows a summary of membrane pore size vs different applications [START_REF] Xu | Next-Generation Graphene-Based Membranes for Gas Separation and Water Purifications[END_REF] . The schematic indicates a narrow range of pore size (from 1 Å to 1 mm) is required for many specific separation membrane applications. Particularly speaking, gas separation requires pores size of around < 1nm, and water desalination needs pores from 1-50 nm. Therefore, it is essential to control the size of pores integrating into graphene according to the targeted atoms to be separated, which is a considerable challenge since the targeted pore size can hardly be reached by typical lithography/etching approaches. For instance, many theoretical predictions have explained the excellent suitability of Å size pores in graphene for gas molecule separation [START_REF] Jiang | Porous Graphene as the Ultimate Membrane for Gas Separation[END_REF][START_REF] Drahushuk | Mechanisms of Gas Permeation through Single Layer Graphene Membranes[END_REF][START_REF] Hauser | Nanoporous Graphene Membranes for Efficient 3 He/ 4 He Separation[END_REF] . The study of pores-integrated graphene as a filtration membrane started in 2008 with simulations. Sint and coworkers 95 investigated functionalized nanopores in a graphene monolayer and showed a highly selective permeability of hydrated ions through them using molecular dynamics simulation. Figure 1.20 shows a theoretical study of pores in graphene (a) that are functionalized with nitrogen and hydrogen atoms (b) and only hydrogen atoms (c). The calculation suggests that the functionalized pore with nitrogen and hydrogen atoms can provide a 3 Å gap opening in graphene, which can lead to high selective permeation of H2 over CH4 molecules of 10 8 . Whereas, only hydrogen-functionalized pore gives a 2.5 Å gap opening in graphene with 10 23 selectivity of H2 over CH4 [START_REF] Jiang | Porous Graphene as the Ultimate Membrane for Gas Separation[END_REF] . Such results show a remarkable improvement in the selectivity of 10 7 in comparison to traditional silica membranes. Various sizes and shapes of pores in graphene membranes were also theoretically investigated by Du and co-workers to study the separation of H2 and N2 [START_REF] Du | Separation of Hydrogen and Nitrogen Gases with Porous Graphene Membrane[END_REF] . They explained the mechanism of permeability of hydrogen and nitrogen through different sizes and shapes of pores in graphene. It was found that different shapes and sizes of pores in graphene can control the selectivity and permeability of the gas molecules. This approach showed an efficient separation of H2 and N2 by filtering H2 through the pore fabricated by 10 carbon atoms removal, which is slightly bigger than the H2 molecule and smaller than N2. Furthermore, by increasing the size of pores to 6.5 Å (16 carbon atoms removed), N2 permeation selectivity was found to be higher than that of H2 due to the Van der Waals interactions of graphene and N2. These theoretical investigations show that controlled-size pore engineering in graphene is key to enabling the application of graphene as a highly efficient filtration membrane for a wide range of molecular separations. Based on this mechanism, different membrane configurations are developed using porous graphene [START_REF] Liu | Two-In-One Method for Graphene Transfer: Simplified Fabrication Process for Organic Light-Emitting Diodes[END_REF][START_REF] Goh | Carbon Nanomaterials for Advancing Separation Membranes: A Strategic Perspective[END_REF][START_REF] Goh | Graphene-Based Membranes for CO2/CH4 Separation: Key Challenges and Perspectives[END_REF] as shown in figure 1.21 100 , porous single-layer graphene membrane (a), and porous or non-porous multilayer graphene laminates. Nevertheless, it is extremely challenging in experiments to fabricate sub-nanometer size pores in graphene with atomic precision and to analyse this angstrom scale information for further development of filtration membranes. In the last few years, huge efforts have been made to develop tunable in-plane pores in graphene monolayers for many targeted applications, which include physical and chemical approaches. Table 1.1 provides a summary of different physical and chemical approaches for experimentally designing pores in graphene. Chemical etching (MnO2)

Figure 1.20 Theoretical study of functionalized nanopores in graphene membrane to improve selective permeability of gas molecules: a) Creating a nitrogen-doped pore within one graphene sheet; (b) graphene pores with mixed nitrogen (green) and hydrogen (blue) terminations and (c) only hydrogen-terminated pores. (d) Equivalent pore size from electron density calculations for nitrogen-and hydrogen-terminated pores; (e) pure hydrogen-terminated pores

∼2.4 nm Higher density pores -Among these approaches, the electron beam is widely used for fabricating smaller to large-size pores (from Å to nm range) with real-time atomic-scale analysis. Some significant studies have shown the size and density-controlled pores designed in graphene monolayers using an electron beam. It has been proved experimentally that 60 and 80 keV electrons are below the displacement energy (threshold) of in-plane atoms in graphene 112,113 . However, the edge atoms in graphene can be removed by 80 keV electrons in TEM. Russo and co-workers prepared pores with 3 Å radii in graphene by removing 10 atoms from the lattice structure with 80 keV electrons in TEM 104 . ). As a result, the size of pores in graphene was tuned with in situ real-time atomic imaging. Figure 1.22.II shows the TEM images of nanopore enlargement from the single atomic defect, resulting in pores designed with an average radius of 2.9 Å and 12.2 Å by removing 10 and 181 atoms (A and E: atomic model, B and F: simulated TEM, and C and G: experimental TEM images). Despite having the advantages of sizecontrolled pores formation in graphene with angstrom precision and real-time atomic-scale analysis, the electron beam approach is not suitable for large-scale applications. Plasma etching is one of the most efficient and scalable techniques used for incorporating pores with narrow-size distribution in graphene for gas or water separation applications. The desired size of pore formation in graphene crystal involves two steps, defect nucleation, and growth. Such nuclei can be vacancy defects or sp 3 types-defects, which eventually give pore formation. Generally, a high density of nuclei can be expanded by plasma up to the desired size of pores in graphene. For example, oxygen plasma, consisting of reactive ions and free radicals is able to integrate high-density nuclei in graphene in a few seconds 108 . Exposing these nuclei to a controlled concentration of ozone for an optimized time duration at a specific reaction temperature can lead to control over the pore size expansion rate. For instance, Zhao and coworkers adopted this decoupled strategy of defect nucleation and pore expansion using O2 plasma and O3. Figure 1.23A demonstrates the partially decoupled process of defects nucleation with reactive oxygen plasma and controlled expansion of the defects into pores with O3-based etching. It was observed that the etching rate was proportional to the oxygen concentration and the temperature used 107 . Surwade and co-workers fabricated sub-nanometer size pores in graphene using oxygen plasma etching for water desalination applications. Figure 1.23 (B, C, and D) shows aberration-corrected scanning transmission electron microscopy (STEM) images and the Raman spectrum of the pores-incorporated graphene monolayer. They found pores size ∼0.5-1 nm with one pore per 100 nm 2 , corresponding to an ID/IG ratio is around 1 in the Raman spectrum 106 . 

graphene (A), a nucleation site is created by bombardment with 3 keV Argon ions, which can remove 1-2 carbon atoms in a single collision (B). This single recoil event creates a small but stable defect in the lattice (C). The sample is transferred to a TEM where this nanopore nucleation site is then opened by removing the atoms at the edge using a defocused, uniform electron beam (D), which is at an energy (

Conclusion

This chapter has provided an overview of two-dimensional materials and their atomic defects, particularly atomic defects in graphene monolayers. Atomic defects are unavoidable and have a huge influence on the physical, chemical, and surface properties of graphene. However, such defects play a key role in tailoring or integrating new properties in graphene to make it applicable to a wide range of applications. Integration of nanopores with control size opens a new possibility for graphene as a highly efficient filtration membrane for gas or water purification. However, controlling the size of the pores with sub-nanometer precision and analysing this atomic scale information are the biggest challenges in practice. In addition to that, surface cleaning of graphene is also one of the essential parameters to obtain this control over defects size and to analyse this atomic information precisely (it is obvious for example in fig. 1.23 that above 50 % of the porous graphene membrane is covered by residues).

Research plan

The initial goal of this thesis was to create sub-nanometer pores in graphene using scalable plasma technology and to investigate the results by low-voltage high-resolution (HR)-TEM to use it for hydrogen gas filtration membrane device application. However, due to some technical difficulties raised in the laboratory during COVID-19, we had to slightly modify the application part: instead of testing the graphene membrane performance for gas filtration, we investigated the impact of nanopores formation in graphene on its wettability with another important application of porous graphene as a support membrane for cryogenic (cryo)-TEM experiments.

To overcome the challenge of atomic defects analysis of graphene and related 2D materials with angstrom precision, we propose advanced high-resolution transmission electron microscopy techniques. The modern aberration-corrected TEM stands out as one of the most powerful tools for a complete study of atomically thin materials, including their atomic structure with <1Å resolution, chemical composition, and atomic local electric field and related properties around a single atom. The incorporation of lens aberration correctors and a monochromator in the new-generation microscopes help to achieve sub-atomic resolution even at low-acceleration voltage, providing an efficient way to observe these materials at the atomic scale without beam-induced damage. Specifically, we study the atomic defects in graphene monolayers including nano-meter scale pores by low-voltage aberration-corrected monochromated transmission electron microscopy technique. As a first step, we aim to develop a robust, plasma-based cleaning procedure to eliminate surface contamination from graphene.

Then, to generate nano-meter scale pores of different sizes, we use another scalable plasma in a remote plasma system. In order to provide an overview of this thesis work, I present the contexts of the forthcoming chapters in the following section.

Chapter 2:

The chapter focuses on the conventional and advanced characterization techniques used in this thesis work to study atomic defects in graphene and related 2D materials like transition metal dichalcogenides (TMDs). Raman spectroscopy and XPS are discussed to study graphene monolayer crystallinity and surface, respectively. A precise atomic structure analysis of defects in 2D materials using advanced high-resolution TEM techniques is explained in detail. Moreover, a recently emerged microscopy technique, four-dimensional (4D) scanning (S)TEM is briefly described as this thesis work also contributes to the establishment of highresolution 4D STEM methodology to extract information about the local atomic electric field and related properties in 2D materials.

Chapter 3: For a precise study of atomic defects in 2D materials by HR-TEM, surface contamination cleaning is essential. This chapter aims at the selective etching of surface contaminants from graphene monolayer. This contamination consists typically of polymer residuals, like polymethyl methacrylate (PMMA), which is used as mechanical support during the graphene wet transfer process. Moreover, surface effects are dominant in atomically thin layers like graphene, and therefore the presence of PMMA residuals, even in small quantities, can degrade its physical and surface properties. This is one of the biggest limitations for graphene to be practically used for many applications including electronics, surface-based sensor devices, size-controlled defects formation, and advanced structural characterization like HR-TEM. Plasma technology is known to be efficient for scalable surface cleaning of materials.

Here, we investigated the use of downstream hydrogen plasma, a remote plasma system, for eliminating the atomically thin PMMA residuals selectively from the graphene monolayer surface. The downstream plasma configuration, in which the substrate is bombarded only by low energy radicals (i.e. no energetic ions) facilitates a selective chemical etching of PMMA residuals by reactive hydrogen atoms while preventing graphene damage by sputtering and ionenhanced etching. In this study, we monitored the effect of downstream hydrogen plasma on the graphene surface through HR-TEM, Raman spectroscopy, and XPS characterizations. Moreover, we attempted to investigate the impact of PMMA removal from the graphene surface on its electron mobility through the van der Pauw Hall effect measurements. This study can be expanded to fabricate graphene-based electronics and surface-based devices, like sensors, filtration membranes, etc as well as for advanced transmission electron microscopy to provide precise structural information at the atomic scale.

Chapter 4: This chapter focuses on the atomic defects study in graphene monolayer using HRmonochromated TEM, which offers atomically resolved structural information of materials composed of light elements like carbon. To incorporate defects in graphene in a size-controlled manner, low-energy hydrogen plasma was used in a remote plasma system. With different plasma exposure times, hydrogenated surfaces, monoatomic vacancies, and nanopores were realized in a controlled way in suspended graphene on TEM grids. Furthermore, we attempted to investigate the correlation between the graphene defect atomic structures and surface wettability by using cryogenic(cryo)-TEM as a characterization tool. For this, the plasmamodified graphene samples were employed as support membranes for cryo-TEM experiments. cryo-TEM is basically used to study the native structure of biomacromolecules embedded in amorphous (vitrified) ice. Therefore, it is essential to have a good wettability (hydrophilicity) of the support membranes that are used for cryo samples. In collaboration with Schoehn's team, Nury's team, and Breyton's team at the IBS, we further investigated the efficiency of defectintegrated graphene support for single-particle 3D reconstruction of protein molecules in cryo-TEM. This study not only provides atomic scale defects study in graphene by HR-TEM but also shows a direct application of such defects in graphene as an ultra-thin hydrophilic support membrane for cryo-TEM experiments. Raman spectroscopy is a classical characterization technique for 2D materials due to its fast and non-destructive features. When a monochromatic light strikes a material it may have different forms of interactions: absorption, scattering, or reflection. Raman effect is based on the inelastic scattering of photons, known as Raman scattering. When a laser light hits an atom or molecule of material, two scattering processes take place simultaneously as shown in figure 2.1. Rayleigh scattering is caused by an elastic collision of photon and matter, where the excited electrons return to their initial energy level and emit photons of the same energy (frequency ν) as that of the incident photon (ν scattered = ν incident). Raman scattering is due to an energy exchange when an incident photon strikes a material, resulting in a change in the molecule's vibrational and rotational energy levels 114 . When a portion of the incident photon's energy is transferred to a molecule, the emitted photon energy is less than that of the incident photon (ν scattered < ν incident), it is called Stokes Raman scattering, where the excited electrons return to a higher energy level than their initial level. Whereas the energy of vibration and rotation molecule is transferred to the photon, the energy of the emitted photon is higher than that of the incident photon (ν scattered > ν incident), it is called anti-Stock Raman scattering, where excited electrons return to a lower energy state than their starting state. 115 Raman spectrum is derived from both Stokes and Anti-Stocks scattering. The Raman shift is a transverse coordinate of the Raman spectrum, which arises from the difference between the frequency of emitted light and the frequency of incident light. This difference is determined by the molecule's vibration energy state, which changes according to materials and their electronic structure. The intensity is the vertical coordinate, related to the wavelength of emitting light, power, and instrument collection efficiency. Therefore, a Raman spectrum is used to determine the structure of various materials. In this section, I focus on the Raman spectrum of graphene.

In this thesis work, Raman measurements were performed using an inVia spectrometer (Renishaw, fig. 2.2) equipped with a 532 nm laser source. The used laser spot was 800 nm. The acquisition time of spectra was 20 sec with 4 times accumulation of signal for freestanding graphene on TEM grid samples and 2 times signal accumulation for graphene on SiO2 substrate. The laser power was used at 1% to avoid a local heating effect. The acquired data were processed using the origin software. 

Raman analysis of graphene

The Raman spectrum of graphene consists of 3 signature peaks (D, G, and 2D). The E2g phonons at Γ point are Raman active and responsible for the G band at around 1590 cm -1 117 . This band arises due to the in-plane translational motion of SP 2 hybridized atoms connected to each other as indicated by the red arrows in fig. 2.3D. Therefore, the G peak is commonly found in many SP 2 hybridized carbon compounds. The position of this peak is sensitive to strain and doping of the graphene 118,119 .

D peak is a signature of defects or disorders in graphene and is located at 1348 cm -1 . This characteristic band arises due to breathing modes of 6 carbon atoms (fig. 2.3E) and activates with defects, like grain boundary, SP 3 bonds, etc. [120][121][122] . The D band basically arises from A1g vibrational mode at K point and activates by double resonance 122 . this band is highly dispersive with excitation wavelength 123 . D' band also originates from double resonance as an intravalley process, connecting two points around K in the same cone. D' band also indicates the presence of defects in graphene.

2D band is a D peak overtone that is located at ~2687 cm -1 . This band originates from the double photon process. The 2D band does not require defects to be activated, it is therefore always present in graphene 124,125 . Like the G band, the position of 2D band is sensitive to the environment. In addition to that, the full-width half-maximum (FWHM) of the band is commonly used to find out the number of graphene layers in the sample. For instance, monolayer graphene shows a Lorentzian peak of FWHM ~30 cm -1 which expands to ~60 cm -1 FWHM for bi-layer graphene 118,126 . Widening continues with a higher number of layers.

According to the literature, the intensity and position of these bands can provide information about the crystalline quality of graphene and the nature of defects present in graphene. To evaluate these features, the intensity ratio or area ratio of different peaks is usually considered 127,128 . For instance, the I(D)/I(G) ratio is used to have defect density information. It has been seen that I(D)/I(G) increases with increasing defect density and is inversely proportional to the size of the graphene grains 127-129 . To identify the type of defects, particularly doping in graphene, I(D)/I(2D) ratio is used, which remains constant if the D peak is only caused by doping 129 . To simplify, a good crystalline graphene monolayer generally shows a ratio of I(2D)/I(G) > 2 and a minimum I(D)/I(G) ratio. 2.2 X-ray photoelectron spectrometry for surface analysis X-ray photoelectron spectrometry (XPS) is a surface-sensitive technique widely used to analyze the chemical composition of the outermost surface approximately 1-10 nm of materials. XPS is able to provide information about chemical elements and their chemical states in samples. This technique is based on X-ray bombardment on the sample and measures the kinetic energy of the emitted electrons.

Principle of XPS

XPS is based on the photoelectric effect, where a sample is bombarded with a soft X-ray having energy less than ~6 keV, and the kinetic energy of emitted electrons is detected. Figure 2.4 explains the phenomenon of the photoelectric effect in XPS. When a sample is irradiated with an X-ray, the X-ray energy transfers to core-level electrons in the sample. If this incident photon energy is higher than the binding energy of electrons, the electrons are ejected from the surface.

The kinetic energy of an ejected electron depends on the binding energy of each electron, as a result, a range of electrons with different binding energies makes the XPS spectrum 130 . This relation is expressed by the following expression:

Ekinetic = Ephoton (ℎν) -Ebinding -φ
Where, Ekinetic = kinetic energy of photoelectron measured by an instrument, Ephoton = energy of incident X-ray of a fixed value, Ebinding = binding energy of electron and φ = spectroscopy work function (a constant value), which is a difference between vacuum energy level (Ev) and the fermi energy level (Ef) of material. In this thesis work, we tried to clean hydrocarbon contamination from the graphene surface using downstream hydrogen plasma. To evaluate the surface cleaning of graphene samples, XPS was majorly used. The plasma cleaning and XPS experiments were carried out in the cleanroom of LTM. XPS was performed on wet-transferred graphene monolayers on TEM grids and SiO2 samples of 1x1 cm 2 using a Multiprobe spectrometer (ScientaOmicron) equipped with a monochromatic Al Kα source (hν = 1486.6 eV; power=40W). The measurements were carried out under an ultra-high vacuum at a base pressure of 10 -10 mbar. The energy resolution was 270 MeV with a spot size of 400 µm. The emission angle was fixed at 20° with respect to the surface normal. The XPS chamber was connected under vacuum to the downstream plasma chamber, therefore, the samples were examined by XPS just by moving the stage from the downstream chamber to the XPS chamber. 

XPS analysis of graphene

Advanced transmission electron microscopy for atomic-scale analysis of 2D materials

Between the years of 1931 to 1940, the development of transmission electron microscope (TEM) yielded a revolutionary imaging technique for materials with a spatial resolution never obtained before by a conventional optical microscope. Since then, TEM has become an essential characterization tool for materials science research. I have discussed in previous sections the classical techniques that were used in this work to characterize 2D materials (graphene) crystallinity and surface chemistry. To precisely probe the structure of such materials at the atomic scale, TEM is one of the most powerful techniques for direct imaging. In this thesis work, we used different high-resolution (HR) TEM imaging techniques, such as monochromated HR-TEM, HR-scanning (S)TEM, and 4-dimensional (4D) STEM in a newgeneration microscope to analyse the atomic structure, chemical composition as well as local physical properties, like electrostatic field and potential, at the atomic scale of graphene and TMDs materials. The new generation microscope "FEI Titan 3 Ultimate" at the platform for nano-characterization (PFNC) at Minatec, Grenoble is equipped with a monochromator, double aberration correctors: Cs probe corrector and Cs image corrector, and different detectors, which make various HR-(S)TEM techniques accessible. All TEM characterizations of the 2D materials were carried out at a low acceleration voltage of 80 keV to prevent the samples from beam irradiation damage. This section focuses on different advanced (S)TEM techniques that were used to probe atomic structure, chemical composition, and physical properties in 2D materials. In addition to that, the challenges during HR-(S)TEM imaging of 2D materials at low acceleration voltages are discussed.

Introduction to transmission electron microscopy

Electron beam-sample interaction

Electron microscopy relies on the interactions between highly accelerated electrons and atoms in a sample. For very thin samples (a few nm), most of the electrons are transmitted through the sample without interaction. Some electrons that interact with the atoms are scattered differently depending on the interaction. Figure 2.6 shows the e-beam and sample interaction and the outcoming signals. After the interaction, electrons can be scattered either by negligible energy loss (elastic scattering) or by energy loss (inelastic scattering). These different interactions together can be measured with different TEM techniques by using different detectors which can provide a variety of structural and chemical information about the sample. The new generation TEM is a complex electron microscopy system that is packed with several components in a closed column to maintain a high level of vacuum working condition, for instance, 10 -8 torr in FEI Titan 3 Ultimate. Figure 2.7 shows the FEI Titan 3 Ultimate microscope and a schematic diagram of the components inside the system. This schematic is inspired by the image given by Rice University and FEI. The very first and most important component in the microscope is a gun, which is a source of electrons. The coherency of the electron beam is an important characteristic of an illumination system which defines how well electron waves are coordinated with each other. The coherency of the beam is a way to define the energy resolution that is essential for high-resolution spectroscopy or atomic-resolution imaging in TEM. To get a coherent beam it is important to have all the electrons of the same wavelength like a monochromatic light. This is enabled by incorporating a monochromator before the accelerator in titan 3 Ultimate. Therefore, the energy resolution can be decreased from 1.2 eV to 0.15 eV for 80 keV in titan [START_REF] Brodie | On the Atomic Weight of Graphite[END_REF] Ultimate. The next important element in the microscopy system is the arrangement of the different electromagnetic lenses and apertures named condenser lens and objective lens system. The electromagnetic lenses consist of metallic wires wrapping around the metallic core. The trajectory of electrons can be controlled by varying the current through the wire. The heat generated around the wires is cooled by the cool water flowing around them. These lenses are useful to illuminate the sample either with a parallel beam (TEM mode) or a convergent beam (STEM mode). Titan 3 is equipped with three condenser lenses. This configuration is useful to illuminate the sample with either a broad beam in the case of TEM mode or a fine probe in the case of STEM mode. Objective lenses play an important role in microscopes. The sample holder is enclosed between two pole pieces of the upper objective and lower objective. The upper objective pole piece is used to focus the sharp probe on the sample or can be used to switch between nanoprobe or broad beam. The lower objective focuses the exit wave to form a diffraction pattern in the back focal plane of the objective and the image in the image plane. Experimentally, the strength of the objective lens is controlled by defocus.

For every electromagnetic lens, there is a corresponding aperture. The use of the aperture is to control the collection angle of the electron beam on the lens. The condenser C2 aperture is very important to shape the electron probe and to control the electron beam intensity on the sample. A C2 aperture of 50 um was mainly used in this thesis work in order to do the high-resolution STEM experiment where a fine and coherent probe is required to scan the sample. The probe size can be varied by changing the convergence angle (α) through the C2 aperture size. Therefore, C2 aperture is also known as probe forming aperture. In STEM, C2 aperture is conjugated to the focal plane of the objective. Whereas in TEM, this aperture is conjugated to the image plane of the objective and determines the beam size. The objective aperture is located after the sample and just above the lower objective pole piece. This microscope is equipped with double aberration correctors; a Cs probe corrector and a Cs image corrector to minimize the aberrations of condenser lenses and objective lenses, respectively. The projector lens system is used to magnify the image of the object, which is captured by the fluorescent screen or charge-coupled device (CCD). We used a 4k x 4k pixels One view CCD camera to acquire the TEM images. The direct electron detector (Medipix-Merlin) was used to acquire 4D STEM data by recording diffraction patterns in the reciprocal space, the detector shares the same port as the One view CCD camera, where they can be inserted alternatively into the working position. In conventional TEM mode, a specimen is illuminated with a parallel e-beam in a single shot. Figure 2.8 shows the parallel beam illumination on a sample in TEM mode. The beam-sample interaction leads to a complex electron wave function at the exit plane of the sample, also called an exit wave. This exit wave is further propagated through the objective lens and the projection system and forms an image wave at the image plane. The exit wave passing through the objective lens is strongly influenced by objective lens aberrations as lenses in microscopes are not perfect, leading to distortion to the exit wave by aberration, like spherical aberration (Cs), defocus, and chromatic aberration (Cc). This exit electron wave is convoluted by the transfer function of the microscope in order to include the aberrations. Therefore, in TEM mode the lower objective lens is more important as it is an image-forming lens, and aberrations of the objective lens are reduced by using Cs image corrector. Finally, the image wave is captured using a CCD. TEM is a coherent imaging technique, meaning the contrast in a final image can be reversed due to lens aberrations, defocus, and multiple scattering. High-resolution TEM (HR-TEM) imaging is based on phase contrast, where the electron beam passes through the atomic columns the electrons interact with the atoms and realize phase shift. HR-TEM images are formed by interference of the transmitted and many diffracted beams. Such images can provide atomic structure information at higher magnifications. It is important to note here that lens aberrations also induce a phase shift in the beam, therefore, it is important to minimize the other source of phase shift to reduce distortion of the final image which limits the point resolution. If the sample is thin enough, <1 nm, the amplitude of the electron beam is assumed to be constant, and the phase shift is only considered.

Scanning (S)TEM mode

In STEM mode, a convergent electron probe is used instead of a parallel beam, this probe scans over the sample in a raster pattern through scanning deflection coils as shown in figure 2.9A. The scattered electrons from each probe position are then detected and their intensity is recorded as a function of the probe position in the image. This imaging mode is called scanning transmission electron microscopy (STEM). In STEM mode, the condenser lens system is the most important to form a sharp probe. From each probe position, a convergent beam electron diffraction (CBED) pattern is formed in the back focal plane of the objective, where an annular detector is subjected to record the signals. The outcoming signals and their detection by different detectors in STEM mode are shown in fig. 2.9B. There are many geometries of annular detectors available depending on the inner and outer collection angles. A detector that records transmitted beams and low-angle scattered electrons is referred to as a bright field detector (BF).

The annual dark field (ADF) detector is subjected around the BF detector that collects only lowangle diffracted electrons. Lastly, the high-angle annular dark field (HAADF) detector records high-angle scattered signals that arise due to the Rutherford scattering of electrons from the nucleus of atoms, thus it is purely incoherent type scattering. The range of diffracted electrons being collected by the ADF detector depends on the camera length (CL) used. For smaller CL, the collection angle is large and ADF behaves as HAADF, whereas at higher CL the collection angle is smaller. The incoherent nature of scattering makes the HAADF images directly interpretable, where each intensity is related to the atomic column. HAADF-STEM is also known as Z-contrast imaging as higher atomic number (Z) atoms scatter the electrons more strongly than lower atomic number atoms. Therefore, HAADF imaging is popularly used for a direct interpretation of atomic distribution in materials. Moreover, one of the big advantages of HAADF-STEM imaging is to record simultaneously some analytical signals, for instance, electron energy-loss spectroscopy (EELS) or energy dispersive X-ray (EDX) spectroscopy as shown in 2.9B. This combination can provide the atomic-scale structural and chemical information about a specimen at the same time 135,136 . In this thesis work, we used different detection techniques in STEM mode; HAADF and 4D STEM in order to probe atomic structure, chemistry, and local physical properties of TMD materials: WSe2 monolayers grown by the molecular beam epitaxy (MBE) by the 2D team at Spintec, CEA. These techniques will be discussed later in this chapter. The minimum spatial resolution of an object can be described by the classical Rayleigh criterion which states that the image resolution δ is determined by the wavelength of the illumination system as shown in Eq(2.1) 138 .

δ = 0.16𝜆 μ sin 𝛽 Eq(2.1)
Where, 𝜆 = wavelength of the radiation, μ = refractive index of the medium with respect to vacuum, 𝑠𝑖𝑛 𝛽 = semi angle of collection of magnifying lens, μ. 𝑠𝑖𝑛 𝛽 = often known as numerical aperture (NA) of an objective lens. If the optimum imaging conditions are satisfied, the maximum achievable resolution by an optical microscope will be approximately 0.16𝜆. Assuming a violet light source that shows a wavelength of 380 nm, the resolution can be achieved up to 200 nm. At the same time, electrons show wave-particle duality characteristics, their wavelength is determined by the De Broglie expression 139 :

𝜆 = ℎ 𝑝 = ℎ √𝑚 𝑒 𝐸 𝑏

Eq(2.2)

Here, ℎ = Planck's constant (6.63×10 -34 J.s), 𝑚 𝑒 = electron mass at rest (9.1×10 -31 kg), 𝐸 𝑏 = electron beam energy calculated by qe.U and, U is the acceleration voltage. Both equations mentioned above show that the resolution of TEM can be improved by increasing the acceleration voltage of the e-beam. In conventional TEM, there are two primary ways to determine the resolution; point resolution (dp) is calculated by Eq(2.

3) and information resolution (dc) is obtained by Eq(2.4) 138,140 .

𝑑 𝑝 = 0.66 𝐶 𝑠 1 4 ⁄ 𝜆 3 4 ⁄ Eq(2.3) 𝑑 𝑐 ~ 𝐶 𝑐 [(∆𝑉|𝑉) 2 + (2∆𝐼|𝑉) 2 + (∆𝐸|𝑉) 2 ] 1 2 ⁄

Eq(2.4)

In STEM mode, the point resolution is determined by:

𝑑 𝑝 = 0.4 𝐶 𝑠 1 4 ⁄ 𝜆 3 4 ⁄

Eq(2.5)

Where 𝐶 𝑠 and 𝐶 𝑐 are coefficients of spherical and chromatic aberrations, respectively. 𝜆 is electrons wavelength, V is acceleration voltage, I is objective lens current, E is the energy of incident electrons, and ∆ represents the variation. These equations describe that higher acceleration voltage can increase the point resolution as well as the information limit. The acceleration voltage and related wavelength of electrons and the calculated point resolution in TEM are shown in table 2.1 141 . However, higher acceleration voltages are not appropriate for high-resolution TEM/STEM imaging of 2D materials due to beam-induced knock-on damage to the sample. Beam damage is one of the biggest limitations for high-resolution TEM imaging of atomically thin materials, like graphene and other 2D layers. During the TEM experiment, samples can be damaged by the interaction of high-energy electrons. The severity of the damage depends on many factors like e-beam current, the energy of electrons, and the sample itself. Radiation damage in graphene and TMDs materials can be caused by many possible phenomena, such as knock-on displacement, heat transfer, and radiolysis.

Graphene is sensitive to knock-on displacement that is often caused by energetic electrons above 86 keV 142,143 . Knock-on damage arises due to direct energy transferred from the incident electron to atoms in the material. When the incident electron energy is higher than the binding energy of the material, the bonds will easily break. Carbon-based materials possess low binding energy, for instance, 3.5 eV for SP 3 bonds, 17 eV for SP 2 bonds, and 36 eV for SP bonds 144 . These binding energies are corresponding to incident electron energies of 20, 80, and 220 keV 145 . Thus, acceleration voltage higher than 80 keV can lead to knock-on damage in graphene. This condition is the same for other 2D materials. Mayer and co-workers studied the e-beam-induced atomic displacement cross-section in a single layer of graphene samples (C12: normal graphene, and C13: isotope enriched) as a function of acceleration voltage 142 . 

Measured knock-on atomic displacement cross sections for 2D materials: (a) Graphene single layer sample (C12: normal graphene, and C13: isotope enriched), the lower boundary of the shaded areas correspond to the calculated cross-section, while the upper boundary is twice the calculated value (as would be expected for correlated sputtering). The inset shows the calculations for 12C, 300 K, and static lattice on a larger energy range. (b) The cross-section for sputtering a sulfur atom from MoS2, WS2, and TiS2 sheets is calculated through the McKinley-Feshbach formalism and the dynamical values of the displacement thresholds. Dotted lines are the data for the static lattice, and solids lines are the results of calculations where lattice vibrations are taken into account, assuming a Maxwell Boltzmann velocity distribution. The cross denotes the experimentally determined cross-section for MoS2. The inset shows the same data for a larger range of electron energies. Images adapted from refs. 142,146 .

Another beam irradiation effect is radiolysis, which includes molecular bond breaking by electron-electron interaction. Radiolysis is commonly seen in non-conductive samples like polymers 147 . Heating is also a beam irradiation effect that often occurs because of the phonon formulation. It takes place in materials that have low thermal conductivity, which cannot transport the phonons like polymer residuals present on the graphene surface. Such materials can be damaged by heat-induced bond breaking 147 .

Revolution in spatial resolution with aberration correctors

At low acceleration voltages, like ≤ 80 keV, the low resolving power of TEM limits the atomic structure study of 2D materials. However, as discussed previously that voltage is not the only parameter to improve the resolving power of TEM, spherical aberration (Cs) and chromatic aberration (Cc) also play an important role in limiting the resolving power of TEM at lower acceleration voltages (refer to Eq(2.

3) and Eq(2.4)). Prior to the development of aberration correctors, atomic resolution (S)TEM imaging of graphene and other 2D materials at 80 keV or below was not possible. It was a trade-off between resolution and beam damage of the sample at these working voltages. The progress of improvising spatial resolution in TEM is shown in figure 2.11 148 . Over the 50 years since TEM development, the highest achieved resolution was less than 1 Å at 1.2 MeV acceleration voltage. However, sample damage by such higher energetic electrons was the biggest practical limitation of this approach. The recent advancement in electromagnetic lens technology and the development of aberration correctors by the groups of Scherzer and Rose and lately Krivanek have brought revolutionary improvements in the resolution power without increasing energy of electron beam [149][150][151][152] . These technological developments have opened up new possibilities in material science research, particularly, for 2D materials structural study with atomic resolution at low acceleration voltage without beam irradiation damage. In 2008, Meyer and his team first time performed direct imaging of a graphene monolayer with resolving every carbon atom with 1Å resolution at 80 keV acceleration voltage using aberration-corrected TEM [START_REF] Meyer | Direct Imaging of Lattice Atoms and Topological Defects in Graphene Membranes[END_REF] . This study further promoted the investigation of atomic structure and defect formation dynamics in graphene and other 2D materials which were not possible before at the lower voltages. 

Aberrations in (S)TEM

Lens aberrations and chromatic aberration

Aberrations are produced due to the geometrical imperfection of electromagnetic lenses, leading to deviate the trajectory of electrons passing through them. In other words, lens aberrations modify the exit wavefront from the ideal spherical wavefront, which affects the spatial frequencies (𝑘) by a complex function as indicated in the following equation 153 .

𝐻 0 (𝑘) = exp (-𝑖𝜒 (𝑘))

Eq(2.6)

Where 𝜒 (𝑘) is the modified wavefront. Aberrations can be categorized depending on their influence on the e-beam. In TEM mode, the objective lens system is the most useful as it is responsible for forming an initial image of the sample. Whereas, condenser lenses are very important in STEM mode to form a convergent probe to be scanned over a sample. Such lenses suffer from geometrical aberrations, such as spherical aberrations Cs. Figure 2.12 shows ray diagrams of image formation through an ideal lens (fig. 2.12a) and a real lens suffering from Cs (fig. 2.12b). In the case of an ideal lens, all rays coming from P point of an object are focalized at a single point P' in the image plane. Whereas, all the rays passed through a lens with Cs aberrations focalized at different points and forming a disk in the image plane, leading to a blur effect in the final image. This is because the positive Cs value of the lens decreases the focal length of the rays coming at a high angle θ, which leads to over-focusing the rays. θ indicates the angle between the rays and the optical axis. The radius (rs) of the aberration disk formed in the image plane depends on the θ and Cs: 𝑟 𝑠 = 2Cs Ө 3 . This disk formation degrades the information of the sample. Therefore, Cs is the main limiting factor in obtaining atomic resolution information.

Figure 2.12 Ray diagrams of image formation with and without aberrations: (a) an ideal lens; all incoming rays are focalized at a single point in the image plane, (b) a lens suffering from lens aberrations Cs; all rays focalized at different points and forming a disk in the image plane, giving a blur effect in the final image, and (c) Cc aberration; different energy electrons are focalized at different points and forming a disk in the image plane.

In reality, there are many orders of spherical aberrations exist that are shown in the following Eq(2.7):

𝜒 𝑆 (𝑘) = 2𝜋 𝜆 ( 1 2 ⁄ 𝐶 1 𝜆 2 𝑘 2 + 1 4 ⁄ 𝐶 3 𝜆 4 𝑘 4 + 1 6 ⁄ 𝐶 5 𝜆 6 𝑘 6 )
Eq(2.7)

𝐶 1 defines as defocus and generally denotes as ∆𝑓, 𝐶 3 is a third-order aberration, 𝐶 5 is fifthorder spherical aberration. In addition to spherical aberrations, the asymmetry and misalignment of the lenses introduce other types of aberrations which deform the shape of the e-beam known as astigmatism.

𝜒 𝐴 (𝑘) = 2𝜋 𝜆 ( 1 2 ⁄ 𝐴 1 𝜆 2 𝑘 2 sin (ф -ф 𝐴 1 ) + 1 3 ⁄ 𝐴 2 𝜆 3 𝑘 3 sin (3 (ф -ф 𝐴 2 )) + 1 3 ⁄ 𝐵 2 𝜆 3 𝑘 3 sin(ф -ф 𝐵 2 ) Eq(2.8)
Where, A1 is two-fold astigmatism, A2 is three-fold astigmatism, B2 is coma, and ф 𝐴 1 , ф 𝐴 2 , ф 𝐵 2 are their azimuthal orientations. Finally, all the possible aberrations from lenses due to their asymmetry and misalignment can be expressed by Eq(2.9).

𝜒(𝑘) = 𝜒 𝑆 (𝑘) + 𝜒 𝐴 (𝑘)

Eq(2.9) Figure 2.13 demonstrates the range of aberrations with their order and multiplicity visualized as phase plates 154 . Among this large range of lower to higher-order aberrations and astigmatism, 𝐶 1 (defocus) and A1 (two-fold astigmatism) are the most basic and 1 st order aberrations that can govern the contrast transfer function (CTF) in TEM of weak phase samples. A1 astigmatism brings the incoming electron wavefront to focus on different points.

Figure 2.13 Table of aberrations visualized as phase plates. At the aperture edge ±6π is adopted; the phase is wrapped to [-π (black); π (white). Aberrations of same multiplicity but different order can partly compensate each other. Image adapted from ref. 154 .

Other than Cs aberrations, the spatial resolution of TEM is degraded by chromatic aberration Cc. In microscopy, the term chroma is related to electrons' wavelength, energy, or frequency. Theoretically, we believe that all electrons are monochromatic and have the same energy, but it is not reality. The different energy electrons focus with different focal lengths by the lenses due to the energy spread of the electron source (∆𝐸), instability of acceleration voltage (∆𝑉), and instability of the objective lens current (∆𝐼), which give rise to focal spread (∆𝐹) and forming disk in the image plane as shown in fig. 2.12c. The focal spread can be expressed by:

∆𝐹 = 𝐶 𝑐 √ ( ∆𝐸 𝑒𝑉 ) 2 + ( ∆𝑉 𝑉 ) 2 + ( 2∆𝐼 𝐼 ) 2

Eq(2.10)

The focal spread ∆𝐹 introduces a temporal coherence-damping envelope in the contrast transfer function (CTF) that reduces the image contrast for higher k frequencies and limits the information resolution. A monochromator can be used to minimize the energy spread of the electron beam source and can efficiently recompensate Cc aberration. In this thesis work, a Schottky field emitter gun (X-FEG) was used as an electron source that has electron energy dispersion of 1.2 eV at 80 keV acceleration voltage. HR-TEM images are sensitive to interpretation as the contrast is the result of a complex interaction of the phase and amplitude of transmitted and diffracted beams. Particularly speaking, graphene atomic contrast is more delicate as it is a single atomic layer of light element, which is a weak electron scatterer, therefore, the contrast is also weak. This contrast depends on many microscopy factors, such as defocus, lens aberrations, focal spread, and sample orientation. It is essential to understand the behaviour of HR-TEM contrast to correctly find out the atom positions to further investigate defects in graphene samples.

(i) Effect of defocus and spherical aberration Defocus is one of the important parameters for HR-TEM imaging that can influence image contrast because over-focusing or under-focusing the e-beam can completely change the illumination condition. It is tricky to understand the behaviour of HR-TEM images at different defocus conditions. Figure 2.14 shows an example of the influence of defocus and third-order spherical aberration (Cs) on the HR-TEM images of graphene monolayer 155 . This example shows the importance of understanding beam properties to prevent false interpretations of graphene atomic position in HR-TEM images. The figure shows that atomic contrast can be reversed, for some combinations of Cs and defocus the atoms will appear either in dark spots or in bright ones. Some combinations will result in faded contrast and the graphene layer will not be visible at the values. By simulating the HR-TEM images, the optimum image contrast condition has been determined in the literature. (ii) Effect of three-fold astigmatism (A2)

This section aims to highlight the critical influence of three-fold astigmatism (A2), which is a directional aberration, on the interpretation of HR-TEM images of graphene (similarly for other 2D materials). In fact, there is only a single layer of graphene on both sides of the grain boundary, but there is a residual A2 aberration present. That's how residual A2 can easily mislead the interpretation of the experimental image. In more detail, A2 is orientation-dependent astigmatism, for instance, in fig 2 .15d when A2 is in the direction of C-C bonding like in the armchair direction, it modifies the contrast and one of the two atoms of the bond shows stronger contrast, resulting in a triangular shape symmetry. The values of A2 astigmatism may appear higher in the simulation (150 nm), however, the uncertainty in the values given by the CEOS aberration correctors are around 100 nm, thus even by using the aberration correctors, it is difficult to measure precisely, and correct three-fold astigmatism. In fact, controlling A2 is very important to be able to correctly interpret the HR-TEM images. In this example, the presence of the grain boundary helped to identify the contrast difference due to A2, but, in the case of graphene with one orientation, The presence of A2 can lead to misinterpretations of the contrast. 

Influence of A2 on STEM-HAADF images: A2 impact on MoS2 HAADF-STEM image depending on the mutual orientation between them. (A) Computer-generated atomic models of monolayer MoS2 with a mirror grain boundary. (B) Schematic representations of the dissimilar atomic configurations where S contrast degrades on the left side and enhancement in S contrast is observed on the right side. (C) Simulation of HR-STEM ADF imaging for the atomic models in (A) with A2 applied. Images adapted from ref.

156 .

Aberration correction (i) Lens aberrations correction by Cs correctors

In 1994, Rose proposed a great idea to reduce the spherical aberration of lenses in the microscope to enhance the image resolution. This idea was based on incorporating a corrector in the microscope that generates a negative Cs value and thus, it can counteract the positive Cs value generated by the lens, resulting in minimizing the net Cs value. Practically, The FEI Titan 3 Ultimate at CEA is equipped with double spherical aberration correctors: DCOR probe Cs corrector and CETCOR image Cs corrector. These correctors are in the form of hexapole design which produces negative Cs and is able to reduce up to 4 th -order aberration.

In the microscopy setup, the probe Cs corrector is located after the condenser lens system and the image Cs corrector is below the lower objective lens. The Cs image corrector measures aberrations from the objective lens by using the Zemlin tableau approach. The uncorrected Cs value at 80 keV can be 0.5 mm which can further be decreased to 0.01 mm after aberration correction. Figure 2.17 shows the measurements (A) and automated correction (B) of the geometrical aberrations of the objective lens by the Zemlin tableau approach using an image corrector.

Figure 2.17 Measurements and automated corrections of geometrical aberrations of the objective lens by Cs image corrector: Measurements of aberrations using the Zemlin tableau approach and providing automated correction of the aberration values. Before correcting aberration values the aberration-free zone was around 13 mrad in the diffractogram (A), which increased up to 28 mrad after the correction (B).

Experimentally, the measurement of aberrations was taken at a 24 mrad tilt angle with 0.5 sec. dwell time. The measurement table contains the aberration values estimated by titling the incident electron beam away from the optical axis through a series of azimuthal angles. An image is recorded at each incident angle and a Fourier transformation of the image is calculated. The effect of aberration induces defocus and astigmatism at every beam position and impacts the shapes of the diffractogram. By using the measured values at each angle, aberration coefficients up to the third order can be calculated and automatically appropriate alteration in the optical path is done through the corrector to correct the values. As a result, the average aberration values can be reduced as shown in the measurement table in fig. 2.17B. It is clearly seen in the diffractograms that the aberration-free zone is around 13 mrad before the correction (2.17A) and this value is increased up to 28 mrad after the correction (2.17B). The Cs probe corrector also works similarly to estimate the geometrical aberration values of the condenser lens and further reduces the values.

(ii) Monochromator for Cc aberration Once Cs aberration is reduced by the corrector, chromatic aberration needs to be minimized to further improve the resolution, especially at lower acceleration voltages (80 keV). At this voltage, the atomic resolution is majorly limited by aberrations. There are basically two ways to decrease the Cc aberration, one way is the use of a chromatic aberration corrector that can decrease the energy spread effect, however, the extreme necessity of electrical and mechanical stability and accuracy has limited the improvement of the corrector. Another way is to use a monochromator below the electron source in a microscope to reduce the energy dispersion ∆𝐸 of the e-beam and thus minimize the focal spread ∆𝐹 (refer to Eq(2.10)). In this work, a monochromator was used, which decreased ∆𝐸 from 1.2 eV to 0.15 eV for 80 keV for the Schottky field emitter gun in titan [START_REF] Brodie | On the Atomic Weight of Graphite[END_REF] .

The focal spread ∆𝐹 degrades the contrast of the image at higher k spatial frequencies by introducing the temporal coherence-damping envelope in the contrast transfer function (CTF).

The CTF determines how much phase signal will be transferred to the real space wave function in the image plane, therefore it determines the information limit in an image. The envelope function describes the effect of aberrations, including defocus, Cs, and Cc, that damps the CTF due to the incoherency of the source. Figure 2.18 shows simulated CTF profiles with different Cs and Cc aberrations at 80 keV. The simulation was carried out in our group by using JEMS software. A conventional TEM (2.18a) shows the point resolution (dp) is 2.9 Å with a Cs value of 0.5 mm, the value of dp is improved to 1.9 Å after reducing the Cs value to -0.01 mm, the energy dispersion value (∆𝐸) is 1.2 eV (2.18b). Here, the point resolution and the information limit are equal as no information can be transmitted over the value of dp as seen in the images. Further, by combining the monochromator effect in fig. 2.18c and decreasing the ∆𝐸 to 0.15 eV, the point resolution is improved to 1.1 Å. In addition to the resolution limit, CTF is important to understand the contrast formation mechanism of HR-TEM images. As previously explained that HR-TEM images can show reversible contrast (bright or dark atoms) depending on the combination of defocus and Cs values (refer to fig. 2.14). This contrast variation is determined by the contrast transfer band lies in positive (bright atomic contrast) or negative (dark atomic contrast) over the entire resolvable spatial frequencies. It is therefore desirable for HR-TEM imaging to find the optimal image contrast condition where the contrast transfer remains either positive or negative. The acquisition of HR-TEM images of graphene is sensitive to the acquisition time. There is a trade-off between the signal-to-noise ratio in images and sample damage/instability during image acquisition. To improve the signals in images captured at lower acquisition time, image post-processing method can be adapted, where image filters like a band-pass, Laplacian, Gaussian, smoothening, etc are used. However, there is always a risk of losing useful information by filtering. Another way to enhance the signal-to-noise ratio in images is to record several consecutive sub-frames from a same zone and stack them togeather. Although, this approach is suitable when a sample is stable. Figure 2.20A shows a graphene monolayer HR-TEM image (after a smoothening filter) captured with a single shot at 3 sec of acquisition time by a 4K x 4K pixels CMOS One-View camera. Atoms appear in black spots in the image. Another approach of stacking subframes is shown in fig 2.20 (B-E), where consecutive subframes (B-D) were captured in an in-situ TEM recording mode. The recording time/frame was 0.25 sec. Finally, all frames were stacked together with alignment correction to compensate for small drift during the recording. The stacking and drift correction were done in the In-situ TEM mode in Gatan digital micrograph. Fig. 2.20E shows the HR-TEM image resulting from 20 subframes stacked together. It can be seen that the stacking remarkably enhanced the signal in the image and reduced the noise level. In this thesis work, I mostly used the sub-frame stacking method to acquire HR-TEM images of graphene samples to maximize the signal-to-noise ratio in the images and to avoid beam-induced sample damage during the image acquisition.

Figure 2.20 Graphene HR-TEM image acquisition with improved signal-to-noise ratio: one-shot image vs stacking of sub-frames: (A) Single-shot image at 3sec acquisition time after applying a smoothening filter. (B-D) Consecutive sub-frames were acquired in an in-situ TEM recording mode with a recording time/frame of 0.25 sec. (E) A stack of consecutive 20 sub-frames after alignment correction.

Defect detection: unfocused vs focused beam condition

Probing the atomic defects, particularly, angstrom-size atomic vacancies in a graphene monolayer is challenging, yet possible if the microscopy conditions are optimum and the sample is stable. To efficiently track atomic defects during the TEM experiment, we used an unfocused beam condition. At unfocused conditions (over-focus or under-focus), fringes appear at edges due to Fresnel diffraction, which generates additional contrast at edges of defects or surface contamination on graphene. The intensity of Fresnel fringes in the images varies with defocus values. The under-focused condition gives higher contrast in TEM images. Figure 2.21A shows an HR-TEM image of atomic defects integrated graphene monolayer captured at the under-focused condition as indicated by the rings in the Fast Fourier Transformation (FFT). It was easy to track defects including Å-size atomic vacancies (white arrows) and nm-size pores (red arrows) with higher contrast appearing at their edges. Further, at a good defocus condition (2.21 B and C), images were captured with an optimum acquisition time to have better signals-tonoise levels in the images for a precise analysis of the defects in graphene. 

HAADF-STEM images of WSe2 monolayer: A) image at lower magnification, B) high-resolution image showing intensity difference between W and Se atomic columns due to the Z-contrast. The inset image highlights inversion domains in the sample that are connected with a grain boundary of type 4|4P.

4-dimensional STEM for structure and local physical properties analysis

In addition to real space HAADF imaging, it is also possible to simultaneously record a series of diffraction patterns in the reciprocal space (kx, ky) on a 2D pixelated quantum detector from each scanning probe position in real space (x, y), yielding 4-dimensional information. Figure 2.23 shows a schematic of a 4D STEM experimental setup (A) and the acquisition of 4D data of atomically thin layers from each scanning probe position using a 2D pixelated electron detector (B) 157 . The 4D dataset is extensively rich in information and it can be further used to reconstruct real space maps of multiple characteristics in the sample, such as crystalline orientation, phases, strain, and atomic electric field and related quantities [157][158][159] . Therefore, combining this technique with real-space HAADF imaging can provide accessibility to atomic structure, chemistry, and local physical properties in materials with atomic-scale precision. In this thesis work, I particularly focused on the establishment of high-resolution 4D STEM methodology to access 2D materials' local physical properties, i.e. electric field, charges, and electrostatic potential. (i) Orientation mapping

The study of crystal orientation, phases, and polarity is important to understand and control the growth mechanism of a material in order to determine its global properties. A 4D STEM dataset contains all possible information about a sample and can be used to reconstruct real space orientation and phase maps by using some dedicated scripts. For orientation mapping, the 4D STEM experiment is carried out with a small convergence angle, giving almost a parallel beam illumination in order to acquire separated diffraction spots. Figure 2.24 shows an example of an orientation map of WSe2 layer (supported by graphene monolayer on a TEM grid) reconstructed from the 4D dataset. The dataset was treated using a Python script developed in our laboratory within the framework of the master internship of D. Dosenovic. The misorientated grains with the degree of misorientation are shown with different colours in the orientation map. Similarly, the 4D data can also be used to reconstruct a phase map using a dedicated script. (ii) Atomic-scale electric field and related properties mapping: Center of Mass (CoM)

High-resolution 4D STEM has the potential to provide atomic-scale electric field and related properties together with structural details of a sample in virtual ADF/HAADF images.

Basically, the atomic field measurement from HR-4D data is based on the deviation of the transmitted electron beam position or redistribution of e-intensity inside the transmitted beam by the local atomic electric field of the sample. This deviation in transmitted beams acquired from each scan position is measured using the Center of Mass (CoM) method, which further provides an atomic-scale electric field by using Ehrenfest's theorem 160 . The electric field can be used to calculate the charge density and the projected electrostatic potential by using Maxwell's equations. (ii.i) 4D-STEM Data acquisition by Medipix3-Merlin quantum detector

The Medipix3-Merlin detector is a high-speed direct electron detector consisting of 256 x 256 pixels. It provides noise-free detection by setting an appropriate threshold for counting, therefore the detector is able to read individual electrons. The detector can be operated in two modes: single-pixel mode (SPM) and charge summing mode (CSM) 161 . In SPM, each pixel can work individually and the signal generated only in that pixel is processed by the active circuitry.

On the other side, the neighboring pixels can combine their circulatory and collectively process the signals generated in each pixel. CSM mode can give charge spreading between pixels. Merlin provides a fast read-out time between 0.35 ms -2 ms depending on the dynamic range.

The detector can work in different counting modes, i.e., 6 or 12-bit, providing different readout times and dynamic ranges. In this work, the 4D STEM data was acquired on Merlin detector. We used the single-pixel mode with a 2 x 12-bit dynamic range where the minimum read-out was 0.8 ms. The threshold values t0= 20 and t1 = 511 were used for the data acquisition at 80 keV acceleration voltage. The 4D maps were acquired by the Merlin readout system, which allows for setting the acquisition parameters. To do so, the first step was to run the external trigger command to enable triggering the Merlin system from the Gatan scanning system. This produced additional image acquisition due to the continuous trigger sending from the Gatan scanning system during the flyback time when the beam was moving from the end of one row to the start of the next one. To compensate for this extra image acquisition during the flyback time, we used a skip value of 1 or 2, which provided an interval for recording images during the beam arrival from the end of one raw to the start of the next one. The data acquired from Merlin was saved in a "mib" file format.

Conclusion:

This chapter has focused on the characterization techniques that were used for analysing atomic defects in graphene and related 2D materials in this thesis. Conventional characterization techniques for 2D materials, like Raman spectroscopy, and XPS, have been discussed with particular attention on graphene analysis. Furthermore, the precise analysis of atomic-scale defects in low-dimensional materials has always been challenging, yet required. State-of-theart transmission electron microscopy provides various techniques in different TEM modes, which allow accessing the structure, chemistry, and physical properties information at the atomic scale. In this chapter, I have discussed different TEM modes that are ideal for analysing defects in graphene and TMDs at low acceleration voltage. Lens aberration is a limitation to achieving atomic resolution at low acceleration voltage, however, aberration correctors can help to overcome this limitation. Different TEM techniques, such as HR-TEM, HR-STEM, and 4D STEM, are useful for a complete analysis of 2D materials at the atomic scale have been discussed in detail.

3 Surface cleaning of graphene using downstream plasma system

Introduction

A clean surface is essential to take advantage of the extraordinary intrinsic properties of atomically thin layers, like graphene, and to integrate them into devices. However, high-quality graphene is often grown via the chemical vapor deposition (CVD) method onto thin metal foils of copper or nickel, which are not compatible substrates for practical utilization. Thus, graphene transfer is required from those growth substrates to other substrates like oxides for electronic devices and TEM grids for structural characterization 162,163,164 . For a damage-free wet transfer of CVD-grown graphene monolayer, polymethyl methacrylate (PMMA) is commonly used as mechanical support as it protects the layer from physical damage during transfer and provides a maximum substrate coverage without any mechanical forces applied to accomplish the transfer process 165 . Additionally, PMMA is widely used in industries as etching masks to fabricate graphene nanowires and quantum dots 166,167 . Unfortunately, though it is important for many applications 168,165,162 , the removal of PMMA from the graphene surface after graphene transfer to the targeted substrate is extremely challenging. It has been shown that the thermal assistance or the chemical etchants used for Cu substrate dissolution for the transfer process escalate the crosslinking of the PMMA molecule chains and make them adhere strongly to the graphene surface 169 . Thus, the conventional wet cleaning by acetone leaves behind a thin layer of PMMA on the graphene surface that influences the intrinsic properties of graphene 170 . For example, PMMA introduces P-type chemical doping in graphene and acts as a source of charge scattering, which might deteriorate the charge carrier mobility of graphene 171 . Furthermore, to build graphene-based devices, metal contacts must be patterned on the graphene and PMMA residues also minimize the adhesion between the metal contacts and the graphene surface. Hence, to make graphene applicable, there is an urgent need to develop a damage-free and reliable method to clean PMMA residuals from its surface. Several studies have enlightened different ways of cleaning PMMA from graphene surfaces, as shown in figure 3.1. Thermal annealing treatment of graphene in different heating environments, such as vacuum atmosphere heating 169,172,[START_REF] Liu | Two-In-One Method for Graphene Transfer: Simplified Fabrication Process for Organic Light-Emitting Diodes[END_REF] , inert atmosphere heating in Ar or N2 173,174 , reductive atmosphere heating in H2 or H2/Ar 175, 176 , and oxidative atmosphere heating in air or CO2 177,173 . Plasma cleaning with ICP (inductively-coupled plasma) and CCP (capacitively-coupled plasma) source for various optimized conditions 178,179 , ion beam treatment 180,181 , electron beam treatment 182 , light treatment (laser and UV light) 183,184 , mechanical treatment 185,186 , and other treatments 187 have also been investigated. A large range of surface cleaning treatments are thus available at present, but none of them are satisfying or at least cannot be applied to large-scale samples to clean PMMA without introducing crystallographic defects or passivating the graphene surface. In this chapter, we aim to investigate the use of a remote plasma system, downstream plasma, which is widely used for rapid and selective etching of thin films in the microelectronic industry. 

Objective of the work

We aimed to investigate a scalable and reproducible plasma cleaning approach to eliminate atomically thin PMMA residuals from the surface of graphene monolayer without introducing physical damage to graphene. To address this issue, we proposed to use downstream plasmas in H2 chemistry to chemically etch PMMA residuals while avoiding graphene physical sputtering and hydrogenation. This choice was based on previous experiments from our group in high-density ICP plasma sources: we showed that ICP plasma in H2 could etch slowly and selectively PMMA from the graphene surface. However, it was evidenced that hydrogenation of graphene is inevitable in such plasmas due to the surface bombardment by Hx+ ions of about 10 eV energy (which is enough to overcome the potential barrier of about 0.5 eV for H chemisorption on graphene 189 ). Unfortunately, even after thermal annealing at high temperatures in a vacuum, we couldn't achieve full H desorption resulting in poor electrical properties of the clean graphene. In downstream plasmas, the sample is not bombarded by energetic ions but only by the H atoms, which should overcome this issue. Furthermore, the downstream plasma system allows treating 300 mm large-size wafers, which makes this technique valuable for micro-meter scale to large-scale applications.

Downstream plasma is also known as a remote plasma system (RPS) and is widely used for chemical isotropic etching 190 and thin film deposition for IC device fabrications 191 . A schematic of a typical downstream plasma configuration is shown in figure 3.2 192 . In this system, the plasma source (ICP or CCP) is separated from the wafer processing chamber by a long tube or a grid system. As a result, charged particles (positive ions and electrons) are lost before they can reach the surface of the substrate. By contrast, neutral radicals such as H atoms produced in the discharge region are transported by diffusion to the substrate surface, which is thus only bombarded by thermal radicals that promote chemical etching. This design of the plasma system greatly minimizes physical damage to the sample that might occur via physical sputtering and ion-enhanced chemical etching from energetic ions 193 . A downstream plasma system can thus provide highly selective etching of one material to another. To clean PMMA selectively from the graphene monolayer, we used a hydrogen plasma source in the downstream system because the reactive H atoms are known to etch various polymers 194,178,195,196,197 efficiently. At the same time, H atoms are also known to be harmless to graphene thanks to its sp 2 hybridization state which prevents H chemisorption at its surface 198, 189 . The downstream system we used in this work is an industrial chamber from Applied Materials designed to etch 300 mm diameter wafers and is located in the clean room of LTM, CEA-Leti, Grenoble. The reactor is connected under vacuum to an XPS analyser, which allowed quasi-insitu XPS characterization of the graphene surface after the plasma processes, thus allowing to check if the plasma is efficient to remove PMMA.

To study the interaction between the plasma and graphene atomic structure, we used highresolution TEM, Raman spectroscopy, and XPS characterization techniques. Furthermore, we tried to determine the impact of PMMA residuals on the intrinsic electron mobility of graphene. 

Experimental workflow

To investigate the use of a downstream plasma system for a selective chemical etching of PMMA residues by hydrogen radicals on the graphene surface, we adopted the following workflow. The first step was to transfer the graphene monolayer from the growth substrate to the targeted substrates. Here, we used a CVD-grown graphene monolayer on a Cu foil that was bought from Graphenea. For damage-free delamination of the graphene monolayer from the Cu substrate, we used a conventional wet chemical approach. In this method, a thin mechanical support layer of PMMA polymer is coated on graphene before the delamination. In our study, we directly bought a few nm thin PMMA-coated graphene sheets to prevent the sample from being damaged during the transportation process. By using the wet chemical method described below in section 3.3.1.1, we transferred the graphene monolayer to TEM grids and SiO2 (thickness: 300 nm deposited on Si) substrates. The multi-step surface cleaning treatments of this transferred graphene were done simultaneously on the TEM grid and SiO2 samples to be able to further study the effect of PMMA removal on the electron mobility of graphene through Hall-measurements on graphene/SiO2 samples. The second step involved the pre-cleaning of graphene samples using chemical solvents and thermal treatments. Last, the pre-cleaned graphene samples were treated simultaneously under the hydrogen plasma environment in the downstream plasma system by patching them on the 300 mm diameter wafer. Each step mentioned above is discussed in detail in the following sections.

Sample preparation

Graphene monolayer transfer

There are different methods available to transfer graphene from the Cu growth substrate to an arbitrary substrate, for instance, the wet and the dry transfer methods 199 . Between them, the wet method is very popular for a damage-free transfer of CVD-grown graphene 200 . This method involves various ways of graphene delamination from the growth substrate such as electrochemical bubbling 201 , non-electrochemical bubbling 202 , and direct chemical etching of metal growth substrate in acids 203 , etc. In our work, we initially used the electrochemical bubbling approach to delaminate graphene from the Cu substrate. We also tried the metal dissolution way to dissolve completely the Cu substrate in the etchant solution. The delaminated graphene was then transferred to TEM grids (C-flat, 2um hole size) and SiO2 substrates of 1*1 cm 2 large and 300 nm thick. Figure 3.3 shows the entire wet transfer of graphene by using both graphene layer delamination approaches. As discussed before, we used as a starting point a commercially available sample from Graphenea company consisting of PMMA-coated graphene on Cu substrate. Afterward, the PMMA/graphene layer was delaminated from the Cu substrate via H2 and O2 bubbles produced during the electrochemical reaction initiated by applying a voltage of 2V (step 2: approach 1). In the electrochemical setup, we used PMMA/graphene/Cu as an anode and a thin pt wire as a cathode into 1M NaOH aqueous electrolyte. The bubbles of H2 and O2 produced at the copper/graphene interface during the reaction apply a peeling force and eventually delaminate PMMA/graphene from the Cu substrate. This delaminated PMMA/graphene was then transferred to the deionized water to rinse the electrolyte traces. Finally, after rinsing several times in D.I. water, the PMMA/graphene layer was scooped onto the TEM grid and SiO2 substrates (step 3). The SiO2 substrates were passivated with hydrogen plasma for 5 min before using them to make their surface hydrophilic. The transferred samples were dried out completely at room temperature for a few hours and then immersed into acetone for 45 min and isopropanol for 10 min to dissolve the PMMA support layer. This transfer approach is rapid, efficient and does not require any strong etchant or cleaning agents. However, this method is useful only for the samples grown on conductive substrates, like metals, which are appropriate for the use of an electrode in the electrochemical setup. At the beginning of this thesis work, graphene samples were prepared by the electrochemical approach. However, this approach did not work for the second batch of PMMA/graphene samples bought from Graphenea as we observed some additional contamination present in the form of nanoparticles (NPs) on the transferred graphene samples. Figure 3.4A shows electrochemically transferred graphene samples from batch 1 and batch 2. Batch 2 graphene surface was decorated with many NPs contamination. To identify the chemical composition of those NPs, we performed EDS (X-ray diffraction spectroscopy) on the graphene batch 2 sample in the STEM mode. The EDS maps are shown in figure 3.4B. The maps were acquired from the zone containing the NPs (marked in red colour) in the HAADF image. The EDS results indicated that those NPs were composed of Cu and O. To find out the origin of the NPs, we tried to optimize the electrochemical transfer parameter, applied voltage, and current, but without success. We discussed this issue with the team of Graphenea and found out that due to the change in their CVD growth parameters, the Cu NPs were deposited at the interphase of Cu substrate and graphene layer, and they were delaminated along with graphene from the substrate when using the electrochemistry approach. To overcome this issue, we attempted chemical etching of the Cu NPs decorated onto the transferred graphene by using ammonium persulfate aqueous solution, known to be a good Cu etchant. Graphene on the lacy-carbon TEM grid sample was immersed into 1M ammonium per sulfate solution for several hours. Figure 3.5 shows the graphene sample after the ammonium per sulfate chemical bath. There was no significant change observed in the amount of the Cu NPs after the treatment, which indicated that the persulfate solution was not efficient to etch heavily oxidized CuOx particles. Ultimately, to overcome the problem of CuOx NPs presence on the transferred graphene samples, we adopted another wet transfer approach, substrate dissolution, which can be useful to prevent the sample from Cu-based impurity deposition. Figure 3.3 (step 2: approach 2) shows the Cu substrate dissolution transfer method. The stack of PMMA/graphene/Cu was left in 0.8 M ammonium persulfate liquid etchant for 5 hr. The Cu NPs presented at the interphase of graphene and the Cu substrate also be subsequently dissolved within the etchant. After the Cu substrate is fully dissolved, PMMA/graphene stack was scooped out from the etchant and transferred to the deionized water to rinse the salt residues. After several rinsing in deionized water, the PMMA/graphene stack was eventually transferred to TEM grids and SiO2 substrates.

The PMMA/ graphene samples were dried-out at room temperature and afterward left for an acetone bath for 45 min and isopropanol for 10 min. We observed that the samples transferred using this method were free of Cu NPs contamination, meaning that all the Cu NPs were dissolved by the etchant together with the Cu substrate. It is important to highlight that no significant difference was observed in graphene transfer quality by switching the wet transfer approach from electrochemistry to the metal substrate dissolution. In the following, most experiments were done on the graphene transferred by the substrate dissolution method. The next step of our experimental workflow is the pre-cleaning of the transferred samples.

Pre-cleaning of samples

The unprotected surface of graphene is highly vulnerable to environmental contaminants, such as hydrocarbons. In addition, the wet transfer not only leave PMMA residues but also introduce new surface contaminants such as residues of chemical solvents on the graphene surface. It is important to minimize these contaminants before treating graphene in the downstream hydrogen plasma system to selectively etch PMMA residues. For this purpose, we used a precleaning step, which involved a conventional cleaning of the samples through thermal annealing treatments. Thermal annealing at higher temperatures is a rapid, low-cost, and convenient way to reduce surface contaminants including PMMA residues from graphene 204 . However, it has been reported that annealing leads to severe degradation of the graphene mobility at temperatures exceeding 300°C due to the hole doping effect 205 . Therefore, we carried out thermal annealing of the samples at lower temperatures in two different heating environments that were easily assessable: vacuum and oxidative. Vacuum annealing at lower temperatures can reduce surface contamination of graphene, without inducing sample modification because of the absence of air molecules 205 . On the other side, annealing in an oxidative environment can efficiently eliminate hydrocarbon contaminants from graphene by oxidizing and subsequently breaking the bonds of C-H 173 . Nevertheless, the selection of temperature is very important for air annealing to avoid defects generation in graphene by air molecules present in the heating environment. Here, Oxidative annealing of the samples was carried out overnight at 150°C in an oven. A Teflon sheet was used to protect the TEM samples (to avoid melting the substrate inside the oven). The oven heating setup is presented in figure 3.6A. Vacuum annealing of the graphene TEM samples was carried out in a Gatan vacuum station by using the Gatan TEM heating holder as shown in figure 3.6B. The sample was annealed at 300°C for 10 hr at a pressure of 10 -6 torr. ). Fig. 3.7c shows that annealing of graphene in an oxidative environment is even better than in vacuum and provides around 60% graphene area that is contamination-free. The percentage of contamination-free area in the images was calculated by marking the zone manually using ImageJ software. These results indicate that oxidative annealing at a lower temperature (150 °C) is the most efficient way to significantly reduce the hydrocarbon contamination present on graphene by oxidizing and breaking the sp 3 C-H bonds by air molecules. We believe that the remaining contamination on graphene is the atomically thin residues of PMMA. The reason why PMMA is not eliminated by annealing might be because of a stronger adhesion of the contaminants at the defective sites in graphene, like grain boundaries. We observe that all grain boundaries in graphene are decorated by residues of PMMA as shown in figure 3.8. This is a limitation of oxidative annealing at low temperatures, which also restricts the structural study of grain boundary or other types of defects in graphene. Furthermore, there are several types of PMMA residues, some of which are hard to etch due to their sp 2 hybridized character 206 . Anyways, this approach can be useful to reduce surface contamination from graphene without the risk of introducing structural defects. In order to further eliminate the PMMA residues, we investigated the use of downstream hydrogen plasma. All graphene samples used for downstream plasma were pre-cleaned by oxidative thermal annealing.

Figure 3.7 A comparative study of thermal annealing in vacuum and oxidative environments on the graphene surface contamination: Monochromated TEM images at 80 keV of different graphene samples. (A) pristine sample without any treatment. (B) graphene after vacuum annealing at 300°C for 10 hr and (C) graphene after oxidative annealing at 150°C overnight.

The contamination-free area on every graphene sample was quantified using a manual marking approach in ImageJ software. Plasma is an advanced up-scale technology for etching the surface contamination of samples. Dozens of previous attempts have been carried out by using various plasma sources to eliminate the remaining PMMA residues on transferred CVD graphene samples. However, the selective removal of atomically thin PMMA residues from graphene is extremely challenging because both materials are made of carbon and only their atomic arrangement differs. Furthermore, although we referred to contamination as PMMA, previous work from our group has shown that the chemical nature and atomic arrangement of this "PMMA" is not homogeneous but varies as a function of height above the graphene 206 . Figure 3.9 from the previous work highlights the different types of PMMA layers based on their atomic arrangement above graphene. PMMA spin coating followed by thermal annealing results in a reorganization of the PMMA structure (as shown in figure 3.9a) leading to three different types of PMMA forms stacked onto each other: PMMA B is the bulk thick layer of PMMA with a disordered structure, PMMA A is a thin layer of disordered but more dense structure, and finally, at the interface with graphene we find the PMMA G , a thin 2D organized layer of molecules containing an important amount of sp 2 hybridized carbon. Often after the transfer, acetone is enough to dissolve PMMA B , while PMMA A+G is observed strongly adhere to the graphene surface. The Presence of PMMA A+G can be identified by XPS analysis. 288.9 eV. The sp 2 peak corresponding to hybridized C=C is located at 284.4 eV and includes contributions from both PMMA G and graphene. Very near from this peak, at 285.0 eV there is a contribution from sp 3 hybridized C-C and arises from PMMA G and defects in graphene. An additional component from Si-C is located at 283.9 eV, which arises from the Si-based impurities often observed on TEM images in the form of a few nanometer-size SiOx particles.

In our case, the pristine graphene sample (pre-cleaned) HR-TEM image in figure 3.9c shows that the thin atomic layer of PMMA A+G produces a Moiré pattern on graphene due to the 2D organization of the layers. The heptagon, hexagon arrangement of PMMA G can be seen in the filtered image where graphene signals are removed by using Fourier filtering. It is obvious that the selective etching of those residues is a technological challenge since we are trying to etch residues that are made of sp 2 hybridized carbon selectively towards the sp 2 hybridized carbon of graphene. To eliminate the strongly bonded PMMA A+G from graphene, various plasma sources in many configurations had been explored. For instance, a high-density H2 plasma was used in an ICP chamber, which provided etching of PMMA A+G from graphene, but, at the same time also led to the partial hydrogenation of graphene 178 , which is known to deteriorate the graphene's electron transport properties. 207 In the ICP plasma, it was shown that the selective etching of the sp 2 hybridized carbon from PMMA G was possible because residues were etched laterally from their edges on which H atoms can chemisorb. Here, we investigated the effect of hydrogen plasma in the downstream system on the residues of PMMA A+G on the graphene monolayer surface. For that purpose, we optimized many plasma parameters, such as plasma exposure time, substrate temperature, etc. 

Downstream hydrogen plasma experimental configuration

In the downstream plasma experiment, the samples of graphene onto TEM grids and SiO2 substrates were fixed together on a 300 mm diameter SiO2/Si wafer by using kapton TM tape.

The wafer was then transported under vacuum to the substrate holder of a remote downstream chamber depicted in Figure 3.10. In this chamber, a high-pressure (2 Torr) capacitively coupled RF (radio frequency) He/H2 plasma was struck on the upper part of the chamber. This upper part was made by two parallel plate electrodes separated by a few cm (as in most capacitivelycoupled plasmas) but many holes were drilled in the lower electrode so that the H atoms generated in the plasma could diffuse through the electrode and reach the second (lower) part of the system, on which the substrate was lay. The holes were small enough to block the plasma but they let radicals diffuse in the lower chamber: hence the substrate was bombarded by radicals only without energetic charged particles. The flow of pure hydrogen was maintained with a flow rate of 2000 sccm in the plasma source chamber. The reactive H atoms that reached the samples initiated the chemical etching of PMMA present on the surface of graphene. During this procedure, one important parameter was temperature of the substrate, which was chosen to be 230°C after optimization. Temperature has a crucial impact on the rate of etching in the downstream system in which etching is a purely chemical reaction: PMMA etch rate increases rapidly with the surface temperature, but excessively high temperature can promote sample damage. The cleaning process was carried out in a loop of 2 times, in each loop the samples were exposed to H atoms for 2 min. After the downstream plasma experiment, XPS was used to follow the surface chemical composition of the samples. In our plasma system, XPS was connected under vacuum to the downstream plasma chamber, therefore, the samples were analysed by XPS just by moving the stage from the downstream chamber to the XPS chamber. 

Characterization of plasma-treated samples

To access the chemical composition of the surface of graphene samples after the downstream hydrogen plasma cleaning, XPS characterization was first carried out. Figure 3.11 shows the C1s XPS spectra acquired from the TEM grid sample, a) before and b) after plasma cleaning.

The C1s core-level spectrum of graphene before plasma cleaning shows the presence of PMMA A+G residues with the characteristic peaks that have been discussed in the previous section (3.3.2.1). Two peaks of C=O and C-H from PMMA A+G , one peak of sp 3 C-C from PMMA G and defects in graphene, and one predominant peak of sp 2 C=C is from graphene and PMMA G . Figure 3.11b presents the result after etching the sample with hydrogen atoms in the downstream system. In the C1s spectrum, the two peaks from PMMA A+G and the sp 3 peak from PMMA G almost disappear after the plasma treatment, while the quality of graphene is maintained with a predominant contribution of the sp 2 peak. This demonstrates that the reactive hydrogen atoms in the downstream plasma system are able to chemically etch selectively all the PMMA residues. It may be underlined that PMMA G residues are a mixture of sp 2 and sp 3 hybridized carbon atoms while graphene is purely sp 2 hybridized. As mentioned previously, the reason why H atoms can etch PMMA G without damaging the graphene is that H attacks laterally the 2D residues from their edges but cannot chemisorb on defect-free graphene. Finally, as shown in Fig. 3.11b Si2p XPS spectrum, we also observe some SiOx residues on the graphene. Such residues have been observed before 178 and may originate from the vaporization of the high-temperature SiO2 furnace used for graphene growth by CVD on copper. Interestingly, there is no C-Si contribution on the C1s XPS peak, suggesting that those SiOx particles are only weakly physisorbed at the graphene surface. This will be discussed below. 

core-level spectrum after cleaning the sample with hydrogen plasma in the downstream system, indicating the significant removal of the PMMA A+G residues. After plasma cleaning of the sample, the XPS spectrum shows the presence of SiOx contaminants on graphene in Si2p std spectrum.

The atomic-scale investigation is important to understand the impact of downstream hydrogen plasma on the structure of PMMA residues on the graphene monolayer. To access this highresolution structural information, an aberration-corrected monochromated TEM was operated at a low acceleration voltage of 80 keV. Figure 3.12a shows the surface of graphene before the downstream plasma cleaning treatment. As expected from XPS, the graphene surface is partially covered by a network of PMMA residues that exist in the form of dense region, PMMA A+G, and thin region PMMA G on graphene. The 2D symmetry of atomically thin PMMA G can be seen as a moiré pattern on graphene in the magnified image taken from the zone marked with a red box. Here, we observe that the edge of PMMA G is decorated with heavy atoms of Si. It has been seen that when heavy atoms are physisorbed on graphene, they diffuse on its surface and preferentially stick to the reactive edges of residues 208 . We believe that the presence of Si atoms in our case is a result of both from CVD oven and the transfer process. Figure 3.12b displays the surface of graphene after downstream hydrogen plasma treatment. The 2D network of PMMA residues has entirely disappeared and most of the surface of graphene is now contamination-free. At the same time, the chemical etching of the PMMA by hydrogen atoms did not introduce any physical damage to the atomic structure of graphene. The results from TEM are thus both complementary and well-matched with the chemical investigation of the sample by XPS. As a matter of fact, the silicon contamination observed after the plasma by XPS is also evidenced by TEM in Fig. 3.12b: after the plasma, the only residues remaining at the graphene surface are nm-size particles made of dense material. This contamination consists of heavy atoms, e.g. Si, and has been observed previously 178 . To confirm the chemistry of this newly appeared contaminant, EDS analysis was done on the sample in the STEM mode. Figure 3.13 shows the EDS spectrum acquired from the zone of contamination on graphene shown in the HAADF image. The spectrum indicates the presence of Si and O elements in the contamination in good agreement with Si-O bonds detected before by XPS. The signals of C and Cu are coming from graphene and from the TEM grid. Interestingly, before plasma, we observe in the TEM image that Si atoms are decorated on the edge of PMMA on graphene. While the PMMA chains are broken by reactive H atoms during the plasma treatment, those isolated reactive Si atoms tend to agglomerate, forming SiOx nanoparticles. Nevertheless, we observed that the SiOx nanoparticles are weakly physisorbed on the graphene surface as they were skating under the e-beam irradiation. Therefore, the SiOx nanoparticles can possibly be eliminated by Si etching treatments.

Figure 3.12 Monochromated HR-TEM study of graphene samples before and after the downstream plasma cleaning treatment: (a) highlights the surface of graphene before the downstream plasma cleaning treatment. The graphene surface is partially covered by a network of PMMA residuals that exist in the form of dense region, PMMA A+G, and thin region PMMA G on graphene. PMMA G can be seen in the moire pattern on graphene in the magnified image. After downstream hydrogen plasma cleaning of the graphene sample, the 2D network of PMMA A+G residuals entirely disappeared and most of the surface of graphene becomes contamination-free in (b). The magnified image of the marked zone in (b) indicates the presence of a new dense structured contamination, SiOx on the graphene surface. Figure 3.13 EDS spectrum of the plasma cleaned graphene sample: The spectrum acquired from the zone of the newly appeared dense contamination on graphene after downstream hydrogen plasma. The spectrum confirms the presence of Si and O elements in the contamination, while C and Cu come from the C-flat TEM grid.

The fact that graphene crystallinity is unaffected by the plasma treatment and that SiOx nanoparticles are only physisorbed at its surface can also be evidenced by carrying out Raman spectroscopy on the graphene TEM sample. The Raman spectrum of graphene is often determined by two characteristic peaks, the G peak at 1590 cm -1 and the 2D peak at around 2680 cm -1 . In the case of graphene with lattice disorder, a D band appears at 1350 cm -1 . The intensity of the D band can indicate roughly the level of disorder or defects present in graphene. Figure 3.14 shows Raman spectra acquired from the suspended graphene onto the TEM grid.

The measurements were carried out with the laser wavelength 532 nm with a spot size of 800 nm. Raman spectrum of pristine graphene shows the characteristic peaks of graphene with a very small D peak (fig. 3.14.i). This confirms the good quality of the process developed to transfer graphene on the TEM grid. Raman spectra were acquired at various positions on the suspended graphene after the plasma cleaning to judge the impact of plasma on graphene crystallinity as shown in fig. 3.14.ii. In the acquired Raman spectra (fig. 3.14.iii), there is no difference observed in the intensity of D peak before and after the plasma treatment. This demonstrates that there is no physical damage induced in graphene by the downstream hydrogen plasma treatment, in good agreement with XPS and TEM results.

Figure 3.14 Raman spectra of suspended graphene before and after downstream plasma cleaning: (i) Raman spectrum acquired from suspended graphene around the hole on the TEM grid. Raman spectrum from pristine graphene shows the typical peaks of graphene, highly intense 2D at 2729 cm -1 , sharp G at 1589 cm -1, and a very small D peak at 1300 cm -1 . (ii) Raman spectra from various positions on suspended graphene after downstream hydrogen plasma cleaning on the TEM grid (arrows on the bottom left optical microscopic image corresponds to the spectra on the bottom right figure). (iii) Raman spectrum of graphene before and after plasma cleaning., indicating no defects introduced after the plasma treatment with no change in the D peak intensity. The measurement was carried out with the laser wavelength 532 nm with a spot size of 800 nm.

These plasma cleaning results indicate that downstream hydrogen plasma is an ideal configuration for yielding a rapid chemical etching of the atomically thin PMMA residuals from graphene without generating physical damage in the graphene monolayer. In order to further resolve the problem of SiOx residing on the graphene surface, we attempted to use different SiOx etching approaches.

SiOX contamination removal from graphene

There are several possible approaches to getting rid of Si-based impurities. We investigated Fluorine-based plasmas, chemical solvents, and electrostatic microfiber cleaning for SiOx contamination physisorbed on graphene after the plasma cleaning treatment.

Fluorine-based plasma etching

Fluorinated plasma is widely used for the etching of Si-based impurities. Generally, SF6, CF4, and NF3 gases are employed to generate fluorine atoms that are efficient to etch silicon atoms by forming SiFx volatile etch products 209 . Therefore, we tried to use two fluorinated plasma chemistry available in the downstream plasma system, NF3, and CF4, to etch the SiOx nanoparticles. For that purpose, the graphene sample cleaned by downstream H2 plasma was treated with NF3 plasma in the same downstream plasma system for 30s with a gas flow rate of 200 sscm and a pressure of 1 Torr. The substrate temperature was maintained at 200°C. The TEM investigation after NF3 plasma treatment on the cleaned graphene is shown in figure 3.15a. After NF3 plasma treatment, most of the SiOx nanoparticles disappear, but, at the same time, the graphene is highly damaged, most probably due to the reaction of N atoms with the carbon.

As an alternative source of fluorinated plasma, we used CF4 plasma chemistry. The H2 plasmacleaned graphene samples were treated with CF4 plasma in the downstream system (same conditions as for NF3 plasma). Figure 3.15b shows the impact of CF4 plasma on SiOx impurities on graphene. We observe that CF4 plasma slowly breaks the long particles of SiOx into small rounded shape particles. However, before rubbing them entirely, the reactive Si atoms start eating carbon atoms in the graphene lattice structure (magnified image). 

Wet chemical etching of SiOx nanoparticles

Hydrofluoric (HF) acid can efficiently etch SiOx impurities from the surfaces. But, at the same time, HF treatment can lead to the fluorination of the graphene surface 210 . Therefore, we used a low-concentrated HF solution to etch SiOx from the downstream H2-cleaned graphene sample. The cleaned graphene TEM sample was treated in 1% concentrated HF solutions for 25 sec in 2 loops. Afterward, the sample was rinsed with D.I. water several times. Finally, the sample was immersed in isopropanol for 10 min to remove the chemical residues. The effect of HF cleaning on SiOx on graphene was investigated using HR-TEM. Figure 3.16 shows the effect of HF on SiOx contamination on the graphene surface. HF etch slowly the big particles of SiOx from graphene. However, we observe that PMMA residuals are still present underneath the SiOx particles. This indicates that during the hydrogen downstream plasma, the SiOx nanoparticles are present on top of the PMMA residues and act as a mask that prevents them to be etched by the H2 plasma. This demonstrates that any other type of contamination present on the sample is crucial for the complete removal of PMMA residues and there is a particularly complex interaction between PMMA G and silicon: initially SiOx sticks on the edges of PMMA residues, but as the H2 plasma etch PMMA they agglomerate into SiOx larger particles which protect PMMA. To eliminate PMMA entirely, the sample should be free of all possible heavy contaminants. One possible solution would be to alternate HF dips and H2 plasma several times, but this would be far too long. Furthermore, the HF treatment fails to completely remove SiOx contamination even for a long exposure time. This is thus not an appropriate solution to the problem of contamination.

Figure 3.16 Effect of HF on SiOx contamination on the graphene surface: TEM images of graphene surface after HF liquid bath of graphene TEM sample. (A) large-view of the surface. (B) magnified view

, where PMMA residuals are still present underneath the SiOx network.

Microfiber mechanical cleaning

Finally, we investigated a last solution to get rid of the SiOx particulates: since we observed by TEM that these particles are free to move on the surface and thus not covalently bound to the graphene (nor PMMA) and since SiO2 is an insulator material, we tried an electrostatic approach to sweep them away from the graphene after the H2 plasma. To do so, we used a microfiber tissue bought on the internet and which is normally dedicated to dust cleaning from screens. Two samples (TEM grid and graphene on Al2O3 substrate to avoid the presence of Si-O signal from a SiO2 substrate) were precleaned by the H2 plasma and then sweep gently with the microfiber tissue. XPS was then carried out to analyze the impact of such electromechanical treatment on the amount of SiOx. As shown in Fig. 3.17, this strategy appears to be very efficient on graphene over Al2O3 samples since the Si2p signal becomes extremely small after the tissue cleaning. The C1s peak remains nice at the same time, indicating that graphene isn't damaged by this mechanical treatment (the small C-O contributions arise from the PMMA that was masked by SiOX, as discussed before). Unfortunately, it turned out that the samples graphene/TEM-grid were systematically damaged by this strategy: the adherence of graphene on the TEM grid appeared to be much weaker than that of graphene on Al2O3 and the entire graphene layer was systematically lifted off from the TEM grid under the force exerted by the electrostatic tissue. Hence and unfortunately, we couldn't observe the impact of the electrostatic tissue by HR-TEM, although XPS indicates that this strategy is highly interesting. 

Effect of PMMA on graphene mobility

To evaluate the impact of PMMA removal on the electron mobility of graphene, we carried out Van der Pauw Hall effect measurements before and after the downstream hydrogen plasma cleaning of the samples. To do so, we used 1x1 cm 2 size graphene samples transferred on SiO2 substrates (300 nm thick). In the first attempt, we measured the mobility of the sample transferred by us, but, we always had mobility values in the range of hundreds (i.e. ~300 -400 cm 2 /Vs). It is because the transfer of graphene on the SiO2 substrate was not well optimized and generated some voids and cracks during the transfer procedure. Therefore, we decided to do the measurements on the graphene/ SiO2 samples directly bought from Graphenea. Their transfer process is the same as ours, PMMA-coated wet transfer. The graphene samples were first investigated by Raman spectroscopy to observe their quality in terms of defects or damage, of the samples. Strain can result in a blue shift in the Raman spectra, but, this mechanism is ruled out since suspended graphene also show the shifting. We think that the shifting phenomenon might be due to unintentional doping by solvents or water used during the transfer process. Downstream plasma cleaning might reset this doping, meaning, there is actually a redshift induced in the G and 2D peaks due to the doping during the transfer process, which is canceled by the plasma cleaning treatment.

Figure 3.18 Raman spectra from graphene before and after hydrogen plasma cleaning: The spectra acquired from graphene onto SiO2 samples. Optical image of the sample during the measurement (a). A comparison of Raman spectra between graphene samples before and after plasma cleaning (b). G band (c) and 2D bands (d) of before and after plasma cleaning. G band (e) and 2D band (f) of suspended graphene onto TEM grid before and after plasma cleaning.

The mobility of the graphene samples was characterized by using the Van der Pauw Hall technique. The van der Pauw measurement is commonly used to measure the electrical characteristics including sheet resistance, carrier mobility, conductivity, and resistivity of thin materials. Such measurement can be applied to any arbitrary shape of samples. Besides, the measurement depends on some experimental conditions, for instance, infinitely thin samples, and sample homogeneity having no holes and cracks. To do the measurements, we used the Ecopia HMS 3000 Hall Effect measurement system. The sample was fixed on a spring clipboard by placing the four probes on the periphery of the square sample as shown in figure 3.19B. The Ecopia HMS 3000 experimental setup is illustrated in figure 3.19C. The resistivity of the film is measured by applying a constant current through two adjacent probes on the sample and subsequently by measuring the voltage drop between the two other probes. We applied a current of 100 uA. By measuring resistance values with different configurations of probes on the sample, the sheet resistance of the sample can be calculated using the Van der Pauw equation 211 .

exp(-

𝜋𝑅 1 𝑅 𝑠 ) + exp(- 𝜋𝑅 2 𝑅 𝑠 ) = 1 Eq(3.1)
R1 is the resistance between the 1 st and 2 nd contacts when voltage is applied through the 3 rd and 4 th contacts and R2 is the resistance between the 3 rd and 4 th contact when voltage is applied through the 1 st and 2 nd contacts. Since the samples we used in this work were symmetrical squares with probes subjected on the corners, therefore both resistance will be similar and Eq(3.1) can be further simplified as:

𝑅 𝑠 = 𝜋 ln (2) 𝑉 I Eq(3.2)
The bulk resistivity of material can be calculated by the sheet resistance using the following relation:

ρ = 𝑅 𝑠 𝑋 𝑡 Eq(3.3)
t is the thickness of the material. In our measurements, we used the thickness of 1 nm as this was the minimum limit of thickness we could input in the HMS-300 software used for the measurements. Similarly, the electron mobility of the sample can be measured in the presence of a magnetic field. When a constant magnetic field (B) is applied perpendicular to the sample, the mobile charge carriers are deflected through the Lorentz force. The transverse Lorentz force is compensated by the electric field produced because of the redistribution of the charge carriers in motion. In steady-state conditions, the transverse current is zero, and the Hall voltage (RH) can be measured between the opposite sides of the sample, which can be given by: 𝑉 𝐻 = 𝑅 𝐻 𝐵𝐼 t

Eq(3.4)

The Hall coefficient can be given as a product of Hall mobility (μ) and bulk resistivity (ρ) 𝑅 𝐻 = μρ Eq(3.5)

Figure 3.19 Experimental setup of Ecopia HMS 3000 Hall Effect measurement system: (A) Graphene samples on SiO2. (B) The sample placing on a spring clipboard, showing four probes fixed on the corners of the sample. (C) Ecopia HMS 3000 instrument.

Based on the experimental parameters and the equation described above, the HMS software calculates the mobility, resistivity, and conductivity of the samples. We carried out the measurements on many graphene/SiO2 samples from Graphenea before plasma cleaning and after the plasma cleaning. We also tried the measurement on the plasma-cleaned + microfiber treated (for SiOx NPs removal) sample. To do so, we used the following value in the experiment/calculation: I= 100 uA, B= 0.56 T, and sample thickness (t) = 1 nm. A comparison of mobility and sheet resistance between the plasma-cleaned and uncleaned samples is given in table 3.1. The electron mobility of graphene samples before and after plasma cleaning neither show significant degradation nor improvement. However, this result is highly interesting since most of the cleaning treatments published in the literature lead to mobility degradation. Furthermore, even if mobility isn't enhanced by the plasma cleaning, the fact that we obtain a clean PMMA-free surface is expected to be a considerable advantage for electronic device fabrication by allowing to get a strong adhesion between the metallic contacts and graphene. This is also highly interesting for graphene surface-based sensor applications. We observe that sheet resistance significantly increases after the plasma cleaning. The reason for this increment in sheet resistance can be explained by the Raman spectra, which show a redshift before plasma cleaning due to unintentional doping, and doping is reset after the plasma cleaning, resulting in higher sheet resistance by modifying the charges on the graphene surface. After microfiber cleaning on the plasma-cleaned samples, we did not observe any significant improvement in the mobility values, suggesting that mobility is not affected by the presence of SiOx nanoparticles. 

Conclusion

Downstream hydrogen plasma is a promising approach to clean PMMA residuals rapidly and selectively from graphene. There are no defects, nor any physical damage introduced in the graphene lattice by the plasma cleaning. We have observed some additional Si-based nanoparticle contaminants on graphene after plasma, this might occur due to the accumulation of Si particles decorated at the edge of PMMA during plasma cleaning. These NPs contaminants have shown a critical influence on the complete elimination of PMMA residuals as they tend to protect the PMMA residuals by masking them during the plasma treatment. For the complete removal of PMMA, it is important to have a graphene surface free of heavy contaminants like Si. After plasma cleaning, Hall measurements have carried out to determine the effect of PMMA on the electron mobility in graphene. Plasma cleaning has neither deteriorated nor improved the mobility of graphene, however, the sheet resistance has increased after PMMA removal. This has indicated that plasma treatment also reset the doping effect introduced by water or chemical solvents used during the transfer process. To date, the plasma treatment developed in this work is the most advanced strategy to clean graphene on large-size samples.

Chapter 4

Atomic defect study in graphene using HR-TEM and its application as an ultrathin support membrane for cryo-TEM

4 Atomic defect study in graphene using HR-TEM and its application as an ultrathin support membrane for cryo-TEM

Introduction

Integration of size-controlled defects, like pores, in graphene has been extensively studied for filtration membrane application. The pore size variation determines the applicability of these membranes from DNA sequencing to water desalination and gas filtration [START_REF] Xu | Next-Generation Graphene-Based Membranes for Gas Separation and Water Purifications[END_REF] . Nevertheless, accessing such atomic-scale information in a single atomic graphene layer is experimentally challenging. Aberration-corrected monochromated TEM stands out as a powerful tool to provide sub-atomically resolved structural information of graphene monolayer. In this study, we aimed to analyse different atomic defects created in graphene monolayers using HR-TEM and Raman spectroscopy techniques. To incorporate atomic defects in graphene structure in a size-controlled way, we used a low-energy hydrogen plasma technique. As an application of defective graphene, we investigated the correlation between graphene defect structure and surface wettability and further explored defective graphene application as a support membrane for single particle cryogenic (cryo)-TEM experiments.

Pristine graphene is routinely used as a transparent support membrane for the HR-TEM study of nanomaterials, for instance, nanoparticles, quantum dots, CNT, etc. 212 . Graphene is an ideal support membrane owing to high electron transparency, good mechanical stability, and giving protection of samples from e-beam damage 213 . Recently, a few studies have shown the use of graphene support for the high-resolution cryo-TEM studies of biomolecules 214,215,216,217 . To carry out cryo-TEM experiments, biological specimens are often suspended in a vitrified (amorphous) ice layer on a TEM grid. Ice thickness is one of the critical parameters that directly impact the contrast achieved in the cryo-TEM images. Ice thickness needs to be as close as possible to the specimen's dimensions to minimize e-beam multiple scattering phenomena and to enhance specimen contrast, which is crucial for small-size specimen imaging. Samples suspended in vitrified ice over holes in TEM grid support films (i.e., without graphene support) are not satisfying due to: the ice layer is too thick and not homogeneous in thickness, which results in poor density and non-uniform distribution of the biological specimen embedded in the freestanding ice; the sample movement occurs during e-beam exposure due to thermal and mechanical change. It is essential to control all the above-mentioned parameters in order to get a high-resolution single-particle reconstruction of protein molecules in cryo-TEM. Graphene has the potential to overcome such limitations. However, pristine graphene cannot be employed as a support membrane for cryo-TEM as it is hydrophobic in nature, precluding the formation of a uniform ice layer on top of it. A number of prior works have shown different ways to render the graphene surface hydrophilic [218][219][220] . Ultraviolet/ozone surface treatment on graphene has been performed until a low water contact angle was achieved 221 . Partial hydrogenation of the graphene surface has also been used to render the surface hydrophilic 222 . Surface chemical functionalization of graphene has been shown to modify graphene's wettability 217 . However, irrespective of any surface treatment methods, it remains unclear what the key parameters are that can effectively tune graphene's wettability. This lack of well-defined and reproducible technology to tune graphene wettability is a major obstacle for biologists in adapting graphene support routinely for single-particle cryo-TEM. In this work, after determining the correlation between graphene defect-integrated atomic structures and surface wettability, we tried to demonstrate the efficiency of hydrophilic graphene support for single particle analysis (SPA) of a small membrane protein with cryo-TEM.

Experimental methodology

The experimental workflow followed in this work is explained below. First, the graphene TEM samples (cleaned by the oxidative annealing process explained in chapter 3) were treated with a low-energy hydrogen plasma environment at several exposure times to incorporate defects of different sizes in the graphene samples. Subsequently, the defect structure evolution as a function of plasma exposure time was followed by aberration-corrected monochromated HR-TEM and Raman spectroscopy. Second, we attempted to investigate the correlation between the graphene structures having different atomic defects and the surface wettability. For that purpose, a cryo-TEM (collaboration with Wai Li Ling in Schoehn's team at the IBS) was used as a characterization tool, where the graphene TEM grids were employed as support membranes for cryo-TEM samples to study the vitrified ice formation on the samples. To carry out this experiment, we chose a large reference biological specimen: the bacteriophage-T5, a viral particle suspended in a buffer solution, provided by Cecile Breyton's team at the IBS. The ice quality including ice thickness and uniformity on different defective graphene surfaces provided different wettability levels of the samples. Lastly, we tested the efficiency of the hydrophilic graphene sample for single particle analysis of a membrane protein particle with Hugh Nury's team using cryo-TEM. We also did a comparative study of 3D reconstructions obtained by SPA from a without-graphene-supported TEM grid (conventional Quantifoil grids) and from the plasma-modified graphene-covered TEM grid.

4.2.1 Size-controlled defect integration in graphene 4.2.1.1 Low-energy hydrogen plasma for defect formation Incorporating defects of well-controlled dimensions in graphene is mandatory for a large range of separation membrane applications. Low-energy downstream hydrogen plasma is widely used for the selective etching of hydrocarbon surface contaminants without sputtering damage in the basal plane of graphene as discussed in chapter 3. However, with varying the plasma parameters, such as exposure time, it is possible to generate physical defects in graphene 223 . In this work, we aimed to integrate defects of different sizes in graphene on TEM grids by controlling the plasma exposure time duration. To do so, we used a Gatan plasma cleaner (Gatan Solarus Model 950). It is a small plasma system that is easily operatable and commonly available at the microscopy platforms. Figure 4.1 shows the plasma system, where a TEM sample was mounted on the TEM holder and subjected to the plasma. To carry out the experiment, the vacuum chamber was filled with 200 sccm of H2 to maintain an operating pressure of 225 mtorr. The plasma was then generated with a low RF power of 65 W. This plasma system is a "black box" in the sense that we do not know the nature of the particles (radicals, ions) that hit the sample nor their energy. However, this commercially available system isn't a pure downstream system since after the "Solarus" model, Gatan society produced a second plasma system "Solarus II" which allows reducing the RF power to 5 W (compared to 60 W in our system) to "reduce sputtering of fragile samples". Hence even if our sample is far from the plasma source and even if the pressure is relatively high and the RF power small, it is to be expected that the sample will be exposed to a small flux of Hx+ ions having energy > 10 eV. Furthermore, since the vacuum is made quite rapidly before the gas injection, some parasitic oxygen species are also expected to be present in the system, which makes a considerable difference from the downstream plasma system used previously to clean PMMA.

The graphene TEM samples were individually treated under the hydrogen plasma environment at different plasma exposure times. The plasma-treated samples were subsequently observed using TEM to follow the defect's structure evolution with different exposure times. 

Atomic defect structure evolution with plasma exposure time

In plasma etching, it is known that the material etching rate can be controlled by the RF power supply, substrate temperature, and exposure time. Here, we investigated atomic defects formation and their structural evolution in graphene lattice as a function of the plasma exposure time. We can only speculate on why vacancies form only after 2 minutes of plasma exposure. One possible explanation is the presence of small amounts of parasitic O atoms in the system: since they initially etch preferentially sp 3 hybridized PMMA and their density remains too small to attack Atomic defect study in graphene using HR-TEM and its application as an ultrathin support membrane for cryo-TEM 93 graphene until most of the PMMA is eliminated (a so-called "loading effect" in plasma etching). At the same time, or alternatively, the graphene surface becomes progressively hydrogenated due to the presence of a small flux of "energetic" ions in the plasma (as evidenced below by Raman). Molecular dynamic simulation 224 , as well as experiments 225 , have shown that 5-10 eV H+ ion bombardment leads to the progressive chemisorption of H on graphene. The process is slow and reaches saturation with a 30 % H coverage after an H+ fluence > 10 16 ions/cm 2 . At this point the graphene surface is quite seriously distorted by sp 3 hybridization caused by H chemisorption and is thus much more fragile: we can thus expect that any ion having an energy higher than average (the ion energy distribution function is not monoenergetic in plasmas) or any parasitic O based radical will then be able to etch the hydrogenated graphene leading to the formation of vacancies. In this scheme, 2 minutes of plasma exposure would thus correspond to the time needed to saturate the graphene coverage by H. Whatever their formation mechanism is, such atomic vacancy defects introduce dangling bonds in the sample and can easily be attacked and etched laterally by H atoms leading to the rapid growth of nanometermicrometer size pores with only a slight increase in the plasma exposure time (by 2 sec in fig.

4.2E). We observed a very good reproducibility of size-controlled defects integration in freestanding graphene with this methodology. However, the plasma exposure duration to obtain atomic vacancies in graphene can be varied depending on the quantity of PMMA residues residing on the sample.

Figure 4.2 Evolution of defect formation in suspended graphene with different plasma exposure times by TEM images: (A) as-annealed graphene, (B) 1 min plasma-treated graphene with no atomic defects. (C) After 2 min plasma exposure, the graphene surface became cleaner and no atomic defects were formulated. (D) 10 sec of extended plasma exposure yielded carbon atomic vacancies in graphene. (E) Such vacancies introduce dangling bonds in the sample which can be rapidly grown into nano-sized pores with a 2 sec of increase in plasma exposure of the sample.

Atomic defect analysis in graphene (i) High-resolution TEM

The structure of defective graphene samples was precisely investigated by using aberrationcorrected monochromated HR-TEM imaging at 80 keV acceleration voltage. Figure 4.3 shows HR-TEM images of the graphene samples having different types of defects following hydrogen plasma exposure with several different time durations. Figure 4.3a shows the typical graphene sample, where the hexagonal ring of six carbon atoms is clearly seen in the inset image. The sample exposed to plasma for 2 min does not show any structural deformation (fig. 4.3b). Since mostly the graphene surface was contamination-free and directly exposed to the hydrogen plasma for a long duration, we expect that reactive H species interacted with carbon and formed C-H groups, leading to hydrogenation of the surface. Unfortunately, TEM is not efficient enough to detect the hydrogenation of the sample. To evaluate this effect, we used Raman spectroscopy which is discussed in the following section and which indeed suggests a large hydrogenation of the graphene sample. As previously observed, the sample has atomic vacancies with a 10sec extended plasma exposure as shown in figure 4.3c. Most of the vacancies correspond to single-carbon atom removal as the vacancies structure matches the atomic model of mono-carbon atom vacancy in the inset image. The density of the vacancies is found to be 4/100 nm 2 . As already discussed, the atomic vacancies expanded into nanopores within only 2 sec of extra plasma exposure as shown in fig. 4.3d. Figure 4.3c also shows that the initial vacancies form randomly on the graphene. However, the initial vacancy grows into the nanopore by lateral etching and apparently, this etch is blocked by PMMA residues explaining why we often observe that the nanopore seems to be "linked" to residues (fig. 4.2d and 4.3d).

The pores are uniformly formed in the sample with a density of 6/100 nm 2 . The size of pores is found in the range of 1-3 nm as indicated by the pore size distribution bar graph (4.3e).

Figure 4.3 HR-TEM images of the graphene samples having different types of defects following hydrogen plasma exposure with several different time duration: (a) Pristine graphene with a typical hexagonal carbon atom ring in the inset. (b) 2 min plasma-treated graphene, no atomic defects are observed. (c) Atomic carbon vacancies are created in graphene by increasing the plasma exposure time by 10 sec. Most of the vacancies are mono-atomic as the structure matches the atomic model of mono-carbon atom vacancy in the inset. (d) Atomic vacancies grow into nanopores with 2-sec extended plasma exposure. (e)

The average pore size is around 2 nm.

(ii) Raman spectroscopy

Raman spectroscopy is a rapid, easily assessable, and efficient characterization technique to evaluate the type and density of defects in graphene on arbitrary substrates. To check the fact that the graphene atomic structure is unaffected by the hydrogen plasma exposure at 2min (figure 4.3b), we carried out Raman spectroscopy on the graphene TEM grid samples already investigated by HR-TEM. The experiment was done at the laser excitation wavelength of 532 nm with a laser spot size of 800 nm. A number of spectra were recorded from various positions of freestanding graphene on the holes in TEM grids with an acquisition time of 20 sec with 4 times of accumulation of signals. The Raman spectrum of the sample having atomic vacancies maintains characteristics exactly similar to the hydrogenated sample as seen in fig. 4.4C. This observation is highly interesting as the Raman signal from atomic carbon vacancies that are locally formed in graphene is similar to or dominated by the signal arising from hydrogenation, therefore it is difficult to differentiate between atomic vacancies and hydrogenation in graphene by Raman spectroscopy. By contrast, the Raman spectrum of nanopores integrated sample confirms highly disordered graphene characteristics with a big decrease in height of 2D peak and broadening of G band intensity (fig.

4.4D). The results from Raman spectroscopy are thus both complementary and well-matched with the HR-TEM investigation of the sample.

Figure 4.4 Raman spectra of the graphene samples (freestanding graphene on holes in TEM grids) having different types of defects following hydrogen plasma exposure with several different time duration. (A) pristine graphene with characteristic peaks (G and 2D) of graphene. (B) Graphene after 2min plasma treatment shows a drastic increment in the D and D' peaks which confirms the hydrogenation of the sample. (C) The sample with atomic vacancies shows exactly the same profile as the hydrogenated sample. (D) The nanopores sample gives the characteristics of defective graphene with a huge decrease in the 2D peak and an increase in the width of G peak.

Ice formation study on defect-incorporated graphene supports for cryo-TEM

We tried to evaluate the relationship between graphene atomic structures having different types of defects and surface wettability. For that purpose, we used cryo-TEM as a characterization tool. The four typical graphene TEM samples were investigated; pristine, hydrogenated, (hydrogenation+) atomic vacancies, and nanopores. In each case, the sample was used as a rigid support membrane on which the ice layer is formed for cryo-TEM experiments. cryo-TEM experiments are performed to study the native structure of biological specimens suspended in solution by vitrifying the specimen. Therefore, it is essential to have a good wettability (hydrophilicity) of the support membranes that are used for cryo experiments.

Methodology for cryo-TEM experiments

The methodology we followed to perform cryo-TEM experiments is described in this section. The first step involved cryo-TEM sample preparation; the biological specimen underwent a vitrification process. Vitrification is a procedure of rapid freezing of small biological specimens suspended in solution to inhibit the formation of crystalline ice. As crystalline ice adopts a more open structure than liquid ice, expansion of the water during the crystallization process would damage the biological sample. Vitrification leads to a frozen specimen in amorphous ice, which preserves the native structure of the specimen. Figure 4.5 is a schematic diagram of the vitrification process. A few microliters of the sample solution is applied onto a TEM grid. The excess solution is then blotted away with filter paper to leave a thin layer (10ths -100ths nanometer) of solution on the grid. Thus, blotting plays an important role in determining the thickness of the vitrified ice layer formed on the TEM grid. Finally, the blotted grid is rapidly plunged into liquid ethane cooled by liquid nitrogen to freeze the sample into vitrified ice. Experimentally, we used a Vitrobot mark-IV instrument from Thermo Fisher to perform the vitrification of the samples. For this study, we used a reference biological specimen: bacteriophage-T5 viral particles suspended in a buffer solution. Figure 4.6A shows the experimental setup used for the vitrification of the T5 viral particles on the four typical graphene TEM grids. We chose the T5 sample for this study because the particle size is big with precise details in the tail part and the particle can easily be detectable in cryo-TEM images. A negatively stained T5 particle is shown in fig. 4.6B with a model of the 3D reconstruction from negative stain TEM images 227 . The T5 sample (suspended in 50 mM Tris, 100 mM NaCl, 5 mM MgCl2, 5 mM CaCl2 solution) to be vitrified on the graphene TEM grids was prepared with a final concentration of 10 13 phages/ml. The sample volume applied to the graphene TEM grid was 3ul. The grid was blotted for 4sec and immediately plunged into the liquid ethane cooled by liquid nitrogen (79 K). The cooling rate is in the order of 10 4 K/sec, which can efficiently vitrify samples up to 1 µm thick.

The next step of the experiment was to screen the vitrified samples in cryo-TEM. To do so, a Thermofisher Glacios TEM equipped with a Gatan K2 direct electron detector was operated at 200 keV acceleration voltage. The cryo-TEM experiments were carried out in collaboration with IBS, Grenoble. The cryo-TEM images were taken with an exposure time of 1.50 sec with a parallel beam. 

Graphene atomic structure vs ice formation

The vitrified samples were screened in the cryo-TEM at 200 keV acceleration voltage. Figure 4.7 shows cryo-TEM images of the vitrified T5 sample on the graphene grids having different defect structures. Fig. 4.7A shows the vitrified sample on the pristine graphene grid. No ice layer is observed on the pristine surface of graphene on the c-flat TEM grid (it is an ultra-flat holy carbon supported grid). It shows that pristine graphene is inherently hydrophobic and prevents the sample solution from spreading on the surface. Therefore, the drop of sample solution applied to the graphene is entirely absorbed by the filter paper during the blotting step.

To confirm this hypothesis, we prepared a vitrified sample on pristine graphene on a lacey carbon TEM grid. The lacey carbon grid is not flat as compared to the c-flat grid, the filter paper comes in at an angle and not parallel to the grid, therefore, some pockets of the sample solution are trapped on the lacey carbon grid, which become vitrified ice pellets in fig. 4.7A. The pellets also show T5 particles encapsulated inside them. Figure 4.7B shows the vitrified hydrogenated graphene sample. This sample shows many ice pellets on the surface of the hydrogenated graphene on a C-flat grid. The shape of the ice pallets shows more clearly in the 30° and 60° tilted images. The result means that the hydrogenation of graphene can improve the wettability of graphene, allowing the formation of small ice pellets on the c-flat grid. However, the hydrogenated surface is not sufficiently wettable to achieve a uniform ice layer. In contrast, the graphene sample containing atomic vacancies provides a uniform ice layer formation as shown in fig. 4.7C. The T5 viral particles are well dispersed in the uniform ice layer. This observation implies that atomic vacancy defects can remarkably transform hydrophobic graphene surface into hydrophilic. Such significant modulation of wettability is attributed to an increase in the surface energy of graphene by introducing dangling bonds with vacancies formation. When the surface energy is higher than the binding energy of water molecules it can separate the molecules and water can spread on the surface uniformly. Figure 4.7D shows a similar observation of uniform ice formation on the nanopore-integrated graphene sample. The results indicate that a few dangling bonds seem to be enough to increase graphene surface energy and transform the hydrophobic surface into a hydrophilic one.

Figure 4.7 Ice layer formation study on different graphene grids in cryo-TEM: (A) Pristine graphene surface is intrinsically hydrophobic, leading to ice pellets formation. (B) After hydrogenation, the graphene surface remains hydrophobic and gives patches of ice pellet formation. (C) Atomic vacancy integration remarkably transforms hydrophobic graphene surface into a hydrophilic one and allows a uniform ice layer formation. (D) Nanopores integration leads to similar hydrophilic behaviour in graphene, resulting in a uniform ice layer formation.

Contact angle measurements

To quantify the wettability of graphene samples (pristine, hydrogenated, and nanopores) at the millimeter scale, we performed water contact angle (WCA) measurements using the GBXdigidrop instrument. After applying a D.I. (deionized) water drop of 0.7 ul to the graphene TEM sample, an optical image was immediately acquired. In fact, the liquids used for the cryo-TEM experiments were the buffer solutions with saline and detergent solution, therefore, we also carried out the contact angle measurements with these liquids having different surface tensions. 

Effect of graphene support on cryo-TEM experiments

In this section, we try to examine the impact of graphene support on the quality of data acquired in cryo-TEM. This investigation examines the advantages and limitations of graphene application as a support membrane in cryo-TEM.

Ice thickness

Ice thickness is one of the critical parameters that determine the signal-to-noise ratio in cryo-TEM images and influences the structural analysis of the specimen. Ideally, ice thickness must be as close as possible to the specimen dimension in order to minimize the effect of e-beam multiple scattering in the sample and provide an optimum contrast of the specimen in the images to extract precise structural information. Here, we attempted to study the impact of hydrophilic graphene support on ice thickness control. To do so, we prepared T5 vitrified samples on nanopores-integrated graphene with a series of blotting times. Figure 4.9 shows cryo-TEM images of the vitrified samples prepared with different blotting times 2 sec, 4 sec, and 6 sec, respectively. By looking at the contrast variation of T5 particles suspend in the ice layer in the magnified images (I, II, and III), it is clear that ice thickness is reduced by increasing the blotting time. This means that once the surface of the support membrane is rendered hydrophilic it becomes possible to obtain thinner ice formation by increasing the blotting time. Nevertheless, an important feature that should be noted in fig. 4.9(III) is that when ice thickness becomes lower than the specimen's dimensions, the specimen can either be dried out and deformed or crushed by the overlaying ice layer pressure applied on it, as indicated by the empty T5 viral particles in the image. It is therefore essential to control ice thickness according to the specimen dimensions to avoid distorted structural interpretation of the specimen. Regarding this point, the advantage of graphene-supported ice over freestanding ice is explained by a schematic diagram in 4.9D. Freestanding ice thickness can be reduced with blotting time up to a certain limit, below which the ice layer will break due to the lack of support. In contrast, graphenesupported ice thickness can be brought close to the specimen dimensions and even lower than the dimensions at higher blotting times. Therefore, one of the big advantages of graphene support is that we can access the formation of a thinner ice layer depending on the specimen size. Also, the blotting time (or ice thickness) needs to be carefully optimized according to the specimen size for graphene-supported ice samples.

Figure 4.9 Effect of graphene support on ice thickness formation with different blotting times: Overall view of the nanopore-integrated graphene grids after ice layer formation with different blotting times, (A) 2 sec, (B) 4 sec, (C) 6 sec. Magnified TEM images (I, II, III) from A, B, and C grids. (I) The contrast from viral particles is low due to the higher thickness of ice formation with short blotting time. (II) The ice layer gets thinner by increasing the blotting time, giving enhanced contrast from the particles in the image. (III) The highest blotting time led to the formation of ice thinner than the T5 capsids, failing to preserve the particles in their native hydrated condition (empty particles). (D) Schematic of ice thickness variation with blotting time:

graphene-supported ice vs freestanding ice.

Background noise: freestanding ice vs graphene-supported ice

Background noise is another critical parameter that can impact the quality of cryo-TEM images and limit the precise structural analysis of a specimen. This parameter becomes more sensitive when the specimen has small dimensions. We examined the effect of graphene support on background noise in cryo-TEM images with respect to freestanding ice. Figure 4.10 shows a cryo-TEM image of the vitrified T5 sample on nanopores-integrated graphene. Area 1 contains graphene-supported ice and area 2 has a freestanding ice layer due to the missing graphene support damaged during sample processing. We can observe additional background noise in area 1 with graphene support in comparison to freestanding ice in area 2. Since perfect graphene is electron transparent this background noise in the graphene area might arise from two possible origins; 1. PMMA residues on the graphene surface, 2. edges of the nanopores. As cryo-TEM images are acquired at a defocused condition (e.g. -2 um) to enhance the contrast of the specimen, both PMMA residues and edges of defects are exaggerated due to the Fresnel fringes arising from the unfocused condition.

Figure 4.10 Effect of graphene on background noise in the acquired cryo-TEM images: A hole on the TEM grid is half-covered with graphene-supported ice (area 1) and half with a freestanding ice layer (area 2). Graphene supported ice area shows extra background noise, which is not present in area 2 of freestanding ice. Magnified images of graphene-supported ice with additional signals coming from the background and freestanding ice with no background noise.

In order to determine the origin of the background effect arising in graphene, we acquired TEM images of pristine graphene and nanopores-integrated graphene at -2um defocus value as presented in fig. 4.11. The pristine graphene (Fig. 4.11A) does not give the same background effect we have noticed in the cryo-TEM image (fig. 4.10, area 1). On the other hand, nanoporeintegrated graphene (fig. 4.11B) shows a similar background seen in the cryo-TEM images which arises from both small patches of PMMA residues on the graphene and the nanopore edges. Such background can be a limitation for applying graphene as a support for cryo-TEM of single particle structure analysis of nanometric biological objects. 

Activated carbon-cleaned graphene support

To address the background arising from PMMA residues, we used an alternative cleaning method for graphene, namely, cleaning with adsorbents. A previous report showed significant graphene cleaning with activated carbon (AC) at a moderate temperature 228 . AC is known as a good adsorbent for a wide range of organic impurities. To carry out this cleaning experiment, a graphene TEM grid was embedded in AC powder (Sigma-Aldrich, activated charcoal-100 mesh particle size) in a glass beaker. This was annealed at 200°C on a hot plate for 30 min as shown in fig. 4.12A. To maintain the same heating environment for the heating duration, we covered the system with a glass beaker. Afterward, the TEM sample was taken out from the beaker and let cooled to room temperature. We further analysed the surface cleanness of the graphene sample using TEM. Figure 4.12B shows a TEM image of the AC-cleaned graphene sample. We observe that the graphene surface is almost free of PMMA contamination. This cleaned graphene TEM grid was treated under the plasma to integrate nanopores and the TEM grid was further used to prepare the cryo-TEM sample to examine the background of nanopores integrated into cleaned graphene. Figure 4.12 (C and D) shows cryo-TEM images where T5 particles are suspended in graphene-supported ice. We observe that PMMA cleaning from graphene removes the additional background noise in graphene-supported ice in fig. 4.12D and the background becomes similar to the freestanding ice layer. However, AC particles are found all over the sample, which can be problematic.

Figure 4.12 Activated-carbon (AC) cleaning of graphene samples to minimize the background effect in cryo-TEM imaging at defocused conditions: A) Graphene TEM grid heating in an AC environment at 200°C on a hotplate. (B) TEM image of the AC-cleaned graphene sample shows an almost PMMA contamination-free surface. The nanopores-integrated AC-cleaned graphene was employed as a support for the cryo-TEM experiment. cryo-TEM images (C and D) show that

PMMA cleaning from graphene significantly removes the additional background noise in graphene-supported ice and the background is similar to that in the freestanding ice layer.

4.3 Effectiveness of graphene support for single particle cryo-TEM Single particle analysis (SPA) is an advanced cryo-TEM technique to reconstruct the 3dimensional structure of biomolecular complexes at neat-atomic resolution. This technique involves the recording of many cryo-TEM images of specimen particles suspended in ice with random orientations. The particles recorded with different orientations are sorted into 2D classes with the same orientations. Images of particles in the same class are then averaged to increase the signal-to-noise ratio of the projection. The projections are then combined to reconstruct a 3D model. The process is iterated with sophisticated statistical techniques to obtain a high-resolution 3D structural reconstruction. To obtain such atomically resolved 3D structures, some experimental parameters, such as specimen particle density and distribution are extremely important. Here, we investigated the effect of nanopores-integrated graphene support on specimen density and distribution for the single particle cryo-TEM. We further examined the effectiveness of the graphene support on the quality of a 3D structure reconstruction of a biomolecule compared to that obtained with a freestanding ice sample. To do so, we prepared vitrified samples of a membrane protein, mouse serotonin receptors (M5ht3) solubilized in a buffer with detergent (final concentration of 1mg/ml), both on the nanoporeintegrated graphene TEM grid and a TEM grid without graphene. Cryo-data were acquired in movies of 40 frames with an exposure time of 1.50 sec with a defocused probe. Movies were aligned and single particle analysis was performed using CryoSparc (the SPA is explained in the appendix).

Specimen density and distributiongraphene support vs without graphene support

The atomic structure determination of membrane proteins in their native lipid environment is very important for drug discovery. However, the SPA of such membrane proteins with high resolution in cryo-TEM is challenging due to insufficient particle collection. Membrane proteins often show poor density and distribution in freestanding ice layers over holes in a TEM grid. This necessitates the preparation of a higher concentration sample of membrane protein in the laboratories, which is a complicated and time-consuming procedure. In this section, we study the effect of nanopores-integrated graphene support on the M5ht3 protein particles density and distribution, concentration, and time duration of the data collection for particle 3D reconstruction with respect to a sample frozen without graphene support (freestanding ice). ). Due to this thickness variation, particles might be pushed toward the thicker part of the ice at the edge of the hole. Another explanation for such non-uniform sample distribution can be that the protein particles are more strongly bound to the amorphous carbon membrane on the TEM grid. By using graphene support, we observe that the density and distribution of particles all over the hole are remarkably improved (fig. 4.13B). This might have happened due to the adsorption of protein particles on the graphene surface. A similar trend of protein particle distribution can also be observed in figure 4.14, where protein particles are found in the graphene-covered area and few particles are seen in the area with freestanding ice.

Figure 4.13 Effect of graphene support on the biological specimen density and distribution: Cryo-TEM images of M5ht3 protein particles on a grid without graphene (A) and on a grid with graphene (B). A few protein particles are aggregated at the edge of freestanding ice over the hole in (A). A significant improvement in the density and distribution of particles all over the hole can be observed in the graphene-supported sample (B). (C) A schematic diagram of particles suspended in freestanding ice and graphene-supported ice (top and side views). Figure 4.14 Specimen density and distribution in cryo-TEM image of a hole on a TEM grid that is partly covered with graphene-supported ice and partly with freestanding ice: Almost all protein particles are found on the graphene rather than in the freestanding ice layer.

Atomic defect study in graphene using HR-TEM and its application as an ultrathin support membrane for cryo-TEM 110 Moreover, a quantitative insight into the density of particles obtained with and without graphene support is given in table 4.1. The number of protein particles collected per image with graphene support is ~ 8 times higher than without graphene support, even though the protein concentration used is 3 times lower for the graphene-supported grid. The volume of the sample applied on the graphene-supported grid was half that of the grid without graphene. Such advantages with graphene support are highly valuable for increasing the statistics to extract precise 3D structural information from the complex membrane proteins in comparatively fewer data collection time and with less concentrated samples. 4.15A shows the SPA (performed by Uriel Lopez Sanchez and Hugh Nury in IBS) of the membrane protein M5ht3 particle from data acquired (at the IBS EM platform with the help of Guy Schoehn and Wai Li Ling) on grids without graphene support (datasets 1 and 2) and with graphene support (datasets 3 and 4) for the SPA. The number of particles collected with graphene support (dataset 4) is almost 2-fold and 4-fold higher than without graphene support in datasets 1 and 2, respectively with a smaller number of images acquired than without graphene support. Although graphene provides a remarkable improvement in the collection of particles per image, a large number of images (particles) with graphene support (dataset 4) were eliminated because the movies couldn't be aligned due to the cracks in the graphene, which caused local motion in the ice/graphene layer with the beam irradiation. Nevertheless, after two rounds of particle elimination, the remaining particles in the graphene sample are still 2 times and 5 times higher than without graphene datasets 1 and 2, respectively. Finally, the number of best quality particles remaining in each dataset for the 3D reconstruction is ; without graphene, 44124 (dataset 1) and 12882 particles (dataset 2); with graphene, 62391 (dataset 3) and 50863 particles (dataset 4). Fig. 4.15B shows the 2D class averages of the protein molecules in different orientations collected in the datasets, which were further used for the 3D reconstruction. The membrane protein structure comprises an extracellular domain and a transmembrane domain. In the case of without graphene support, both domains are reconstructed successfully, as shown in fig. 4.15C. However, a higher concentrated sample and many more images were required for the 3D reconstruction. In one dataset acquired with graphene support as shown in fig. 4.15C, no structural information could be extracted for the Atomic defect study in graphene using HR-TEM and its application as an ultrathin support membrane for cryo-TEM 111 transmembrane domain. We speculate that this lack of information may be because the ice on this grid is too thin, which causes the detergent to interact with the graphene layer, leading to suboptimal preservation of the transmembrane domain. Data set 4, presumably with thicker ice, has yielded a higher resolution structure for both the extracellular domain and the transmembrane domain than the datasets from the sample without graphene support.

Figure 4.15 SPA of the mouse 5-HT3A receptor from the Cryo-TEM datasets acquired with and without graphene support: (A) Statistics of the data collected from two samples of freestanding ice (without graphene) and two samples of graphene-supported ice. (B) 2D projections of the collected particles with different orientations. (C) 3D structural reconstruction of the protein

particles by using all the differently oriented particles collected with and without graphene support.

Conclusion

Size-controlled defects: hydrogenation, atomic vacancies, and nanopores have created in freestanding graphene monolayers on TEM grids using low-energy hydrogen plasma. Such atomic defects have been precisely studied using aberration-corrected HR-TEM and Raman spectroscopy. HR-TEM is one of the most powerful tools that can provide atomic-scale information with angstrom precision. However, we could not examine the hydrogenation effect in graphene using HR-TEM imaging. Raman spectroscopy is efficient in characterizing hydrogenation in graphene, but is unable to detect atomic vacancies locally created in graphene.

The two techniques are therefore complementary in extracting precise information about atomic defects in graphene. We have investigated the correlation between graphene atomic structures (containing different defects) and surface wettability in cryo-TEM. It has been found that defect (vacancies/pores) integration in graphene significantly transforms the hydrophobic surface to hydrophilic, resulting in the formation of a uniform and thin vitrified ice layer on it. Further, the efficiency of defect-integrated graphene supports for single particle cryo-TEM has been tested and we have observed an 8-fold improvement in protein particle density with a 3 times less concentrated solution with respect to using a grid without graphene support. 3D reconstruction of the membrane protein structure by SPA has been performed for the samples frozen with and without graphene with slightly better quality in the sample obtained with graphene. This study not only provides an efficient way to integrate size-controlled defects in graphene and to access such atomic scale information but also enables routine use of graphene as a support membrane for single-particle cryo-TEM experiments. This knowledge can be effectively used for the development of graphene filtration membranes, for instance, angstrom size vacancies for gas separation, nano-micrometer pores for water purification, and DNA sequencing. From an advanced electron microscopy standpoint, this work can be extended to develop graphene-based liquid cells with tunable wettability for in-situ TEM observations of nanoparticle growth in a liquid environment, electrochemical chemical reactions in liquid electrolytes, etc.
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Motivation of the study

Scanning/transmission electron microscopy stands out as one of the most powerful techniques to probe atomic-scale defects in materials by assessing their structure and chemical composition with sub-atomic resolution. Recently, the emergence of a new microscopy technique referred to as "4-dimensional STEM" is capable of providing material's local physical properties information, such as electrostatic field, charge density, and electrostatic potential. This technique has opened up the possibility to detect the local physical properties fluctuation due to atomic defects, which can further help to determine and control the final properties of materials. On the other hand, such fluctuations in the local electric field and related quantities can also be used to visualize and identify atomic defects, like light atom dopants, that are difficult to identify using STEM Z-contrast imaging. The 4D STEM technique is under development and requires a better understanding of the experimental part as well as data interpretation. The motivation of this work is to contribute to the experimental knowledge of the high-resolution 4D STEM to make this microscopy technique applicable for analysing the local atomic physical properties of new materials.

Introduction

Differential phase contrast imaging

Differential phase contrast (DPC) is a phase retrieval technique widely used in X-ray imaging 229 , optical imaging 230 , and STEM imaging 231 . DPC-STEM measurement has been particularly effective for providing information about electromagnetic fields present inside materials. The idea of measuring the fields inside materials by DPC-STEM was theoretically proposed in 1974 by Rose, Dekkers, and De Lang 232 . However, this technique has recently been employed in practice to measure the extrinsic and intrinsic fields inside a material 231 . The concept of DPC-STEM for field measurement is simple and based on the deviation of the transmitted electron beam away from the optical path due to the presence of electromagnetic fields inside the sample. Figure 5.1a shows a lateral divergence of the transmitted electron beam by the electric field present inside the sample. This divergence of the beam can be measured through the conventional segmented detector by estimating the intensity difference between the opposite segments as shown in fig. 5.1a. Nevertheless, for high-resolution DPC-STEM, where the probe size is in the range of atomic diameter scale, instead of shifting the entire transmitted beam, the e-intensity inside the transmitted beam redistributes by the local atomic electric field of the sample as shown in figure 5.1b. This intensity redistribution is measurable by the Centerof-mass (CoM) calculation, which also reflects a change in the momentum of the electron beam during the sample interaction. The momentum change of the electron probe can be used to calculate the projected electric field in the sample (when sample's magnetic field is negligible). Eq (5.1) shows a linear relationship between the momentum change of transmitted electron beam and projected E-field 160 .

Atomic-scale mapping of local electric field and electrostatic potential in 2D materials by 4-dimensional (4D) STEM
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Eq(5.1)

Where ∆P is the change in the momentum of the e-beam, E⊥ is the projected electric field, ∆z is the sample thickness, and 𝑣 𝑧 is the speed of electrons along the beam direction. The momentum change (∆P) is directly related to the Center-of-mass (CoM) of the diffraction pattern and can be estimated by using Eq(5.2). As most of the intensity of the diffraction is located in the direct beam in the phase approximation, computing the CoM of the whole diffraction pattern is nearly equal to the CoM of the direct beam.

∆𝑃 ⊥ = h sin( 𝐶𝑜𝑀) 𝜆

Eq(5.2)

Here, h is the Planck's constant and λ is the electron wavelength.

Considering the thin sample approximation and by using both Eq(5.1) and Eq(5.2), the magnitude of the projected electric field (E⊥) that is perpendicular to the incident e-beam (𝑬⊥ = 𝐸𝑥 𝒊 + 𝐸𝑦 𝒋) is calculated for thin 2D materials using Ehrenfest's theorem Eq(5.

3) in the fast phase approximation 233 .

𝐸 ⊥ • 𝑧 = - ℎ 𝑠𝑖𝑛(𝐶𝑜𝑀) 𝜆 𝑣 𝑒 Eq(5.3)
Where 𝐸⊥ • 𝑧 [V] is the projected Electric field integrated over the thickness of the sample z, h is Planck's constant; 𝜆, 𝑣, and 𝑒 are electron's wavelength, speed, and elementary charge, respectively and CoM is expressed in radians, the origin of CoM being the direct undeflected beam. The right-hand side of the equation consists only of constants and CoM that can be measured from the CBED (convergent beam electron diffraction) pattern. Further, the projected electric field can be used to calculate the charge density (𝜌) and the electrostatic potential (𝑉) by using the following Maxwell's equations. 𝜀 0 is the vacuum permittivity.

𝐸 ⃗ = -𝑔𝑟𝑎𝑑 𝑉

Eq(5.4)

𝑑𝑖𝑣 (𝐸) = 𝜌 𝜀 0
Eq(5.5)

Figure 5.1 Divergence of the transmitted electron beam by the electric field present inside the sample and different detection systems to measure the shift: a) The electron beam is focused on a thin specimen. Conventionally, an electric field E is thought to cause an angular deflection of the incident beam (dashed). (b) The detector used in conventional DPC detects the shift of the central disc in the diffraction pattern (ronchigram). Given a homogeneously filled disc, this shift is determined by intensity differences between opposite ring segments A-B and C-D. By calibration, this signal is converted to an angular deflection and to electric/magnetic fields finally. b) Intensity re-distribution inside the transmitted disks at position 1 (top, nearly no electric field) and position 2 (bottom, high electric field varying across the probe). The length of

the white scale bar is 10 mrad 233 .

5.2.2 DPC-STEM detection system 5.2.2.1 Segmented detectors DPC-STEM experiments were traditionally carried out using a 4-segmented detector system 234,231,235 . The concept of using segmented detectors for measuring the field-induced deviation of transmitted electron probes was proposed by Rose, Dekkers, and De Lang 232 . The big advantage of using segmented detectors is the fast read-out speed with a microsecond range, which provides sample stability and minimum beam irradiation sample damage during the data acquisition. A few studies were carried out for measuring electromagnetic fields in samples using such detectors 237,238,231 . However, the measurements do not provide accurate quantitative information about the fields due to inadequate pixels/segments of the detector.

Besides, the design of segmented detectors was derived from the assumption of a rigid shift of the entire CBED pattern induced by the electromagnetic fields inside the sample. But, as mentioned before, this rigid shift model does not apply to local atomic-scale field measurements 239 . Instead, the intensity inside the CBED pattern is redistributed by the atomic field and this can be estimated by Center of Mass (CoM) measurement. To precisely measure this CoM shift, detectors consisting of more segments, like 16 segments (figure 5.2b), or pixelated detectors are recently been used 236 .

2D pixelated electron detector

The newly developed high-speed 2D pixelated electron detectors are able to record full CBED patterns (𝑘 𝑥 , 𝑘 𝑦 ) in the reciprocal space from each probe position scanned over the sample in x and y directions in the real space, thus providing a 4-dimensional dataset (𝑥, 𝑦, 𝑘 𝑥 , 𝑘 𝑦 ), referred as 4D STEM. The 4D STEM dataset is rich in information and can be used to measure precisely the local electric field and related quantities at the atomic scale in a sample. Based on the theory of electron intensity redistribution inside the CBED pattern for atomic-scale field imaging, Knut Muller and co-workers illustrated the use of a 2D array of pixels to record the full CBED pattern from each scanning position on SrTiO3 sample 233 . As a result, the redistribution of electron intensity inside the CBED disk acquired from each probe position can be measured precisely by CoM measurement in mrad from (0, 0) point as shown in figure 5.3. Position 1 in the figure indicates the CBED pattern acquired from nearly no electric field across the probe position, while position 2 indicates electrons inside the disk deviate towards the right side due to the presence of a strong electric field across the probe position. Therefore, 4D STEM-CoM is an efficient technique to extract the atomic-field information of the sample. Nevertheless, the size of a single 4D-STEM dataset can be very large depending on the sample scanning zone and the number of pixels in the detector, which leads to the data storage problem. Besides, the acquired data is not directly interpretable. In this thesis work, we have acquired 4D STEM-CoM datasets using a Medipix3-Merlin direct electron detector consisting of 256 x 256 px. The data acquisition from the Medipix3 detector is explained in chapter 2 (refer to section 2.3.4.2.2 (ii.i)).

State-of-the-art: DPC measurement for electric field mapping in 2D materials

Here, I briefly summarised the high-resolution DPC-STEM measurements that have been done on 2D materials to obtain the atomic-scale electric field and related quantities in table 5.1. Atomic-scale mapping of local electric field and electrostatic potential in 2D materials by 4-dimensional (4D) STEM Such studies show significant results of local atomic electric field and related quantities imaging in 2D materials using DPC-segmented and 4D STEM-CoM measurements. However, the studies could not achieve a quantitative match with the DFT calculation. To achieve quantitative precision of the atomic field and electrostatic potential mapping, it is essential to understand the influence of microscopy parameters and sample effect on the measurement. Some microscopy parameters play critical roles in such measurements, for instance, probe size, convergence angle, beam exposure time, pixel size in real and reciprocal space, sample stability, surface contamination, etc. In this work, we aim to investigate the influence of all the abovementioned parameters on the 4D STEM-CoM measurements to improve the experimental understanding of such measurements. 

Sample preparation

To prepare WSe2/graphene/TEM grid samples, we used layer-by-layer transfer using polymer assisted wet transfer approach. This is a rapid and classical way to prepare heterostructure samples for TEM observation. However, the samples prepared by this approach show a higher amount of polymer contamination on the surface that arises during every individual layer transfer process. To prepare the sample, first, the CVD-grown graphene layer (Graphenea sample) was delaminated from the Cu growth substrate using the substrate dissolution method and transferred onto the TEM grid (refer to chapter 3, section 3.3.1.1). After drying the sample at 80°C, the support layer of PMMA was dissolved with acetone and isopropanol. The next step was to delaminate the WSe2 layer from the mica substrate by the water-assisted lift-off method as demonstrated in figure 5.6 and transferred the layer to the graphene/TEM grid. To do so, the first step includes a spin coating of polystyrene (PS) on the WSe2/mica sample to provide mechanical support to the WSe2 layer during the transfer process. For spin coating of a thin layer of PS, we used 3000 rpm speed for 1 min. Afterward, the stack of PS/WSe2/Mica is dipped from one of the corners into D.I. water to delaminate the PS/WSe2 layers from the mica substrate with the capillary force applied by the water (step 2). Once delamination takes place, the PS/WSe2 layer floating at the surface of the water is fished onto the graphene/TEM grid (step 3). Finally, the supporting layer of PS is dissolved by placing the sample into acetone for 45 min followed by isopropanol rinsing for 10 min. All the prepared samples were subjected to vacuum annealing at 150°C for 2hr. in the Gatan heating station (refer to Chapter 3, section 3.3.1.2) to reduce surface contamination. In order to further minimize the polymer contamination, we cleaned the samples via the activated carbon cleaning approach, which has discussed in Chapter 4, section 4.2.3.3. A convergent electron probe can damage the sample either by using too strong probe current (e -/exposure time) or by longer exposure time. Probe current is more critical for acquiring damage-free 4D-STEM data than HAADF imaging of atomically thin samples. It is because the read-out time required for recording a single frame of a full diffraction pattern in the reciprocal space from a single scanning probe position is hundreds of microseconds, whereas HAADF imaging needs a few microseconds of read-out time. In this thesis work, the minimum read-out time used for the 4D STEM data acquisition was 0.8 ms due to the physical limitation of the Merlin detector. Thus, acquiring the entire stack of 4D STEM data from a 100 x 100 px zone takes almost 8 seconds. To prevent the sample from beam damage and instability during the data acquisition, it becomes important to optimize the probe current. Furthermore, probe current optimization is also essential to have enough signal-to-noise ratio in the HAADF images to select a zone of interest for performing the 4D STEM experiment. In this work, we changed beam current values through a monochromator slit by focusing or spreading the beam. Generally, probe current is measured by the fluorescent screen in microscopes. But the limit of readable beam current value by the fluorescent screen was 30 pA. To optimize beam current below 30 pA, we calibrated beam current values depending on the e-counts obtained on the Merlin camera, the calibrated current values are indicated in table 5.2. We find that the ratio between the number of electrons detected /the number of electrons expected is ~2. This means 1 electron gives almost 2 counts on the detector. By using this calibrated electron count we calculated beam current values below 30 pA using the basic formula:

Beam current (pA) = [Detected e-counts/2 x (1.6 x 10 -19 )] / exposure time. 

Methodology: data acquisition and processing

After finalizing a zone of interest with pixel number to be scanned, a 4D STEM dataset was acquired at 80 keV. A convergent probe of Å size (convergence angle: 20 mrad) scanned the selected zone of 100*100 px in a raster pattern and a full diffraction pattern from each px was recorded in reciprocal space by the Merlin detector comprises of 256*256 px. Therefore, the acquired dataset contained a huge size of 2 to 3GB. In this work, we acquired most of the dataset from a 100*100 pixel scanning zone which provided 10,000 diffraction patterns recorded by the detector, where each diffraction pattern consisted of 256*256 px. It was challenging to store and interpret this huge-sized data. The 4D STEM data set acquired by the Merlin detector was saved in a "mib" file format. To treat the data, first, we had to convert all mib files into a readable format like DM3 or DM4 by the Gatan digital micrograph. To do so, I used a script written in the digital micrograph and developed in our laboratory during a master's internship project of Y.Lu. As an outcome, we obtained a single DM3/DM4 file comprising 100*100*256*256 px information where each px provided the acquired diffraction pattern. The 4D STEM dataset is extremely rich in information and can be used to extract a variety of information about the sample, such as virtual bright field (BF), dark field (DF), and high angle annular dark field (HAADF) images, CoM components (CoMx and CoMy), which can be further translated into the local atomic electric field and related quantities by using the Ehrenfest's theorem (Eq(5.3)). Figure 5.9 shows the methodology to obtain the atomic electric field and related quantities by using CoM. The spectrum imaging zone in the sample is shown in step 1.

The diffraction disks acquired in 4D STEM are illustrated in step 2, where the diffraction patterns map in the image corresponds to only three atomic column positions. This data is full of information and use to obtain virtual images as shown in step 3, for example, by masking the diffraction pattern with the desired range of scattered signal collection angle, virtual BF (<10 mrad), ADF (10<40 mrad) and HAADF (>40 mrad) images can be reconstructed. The diffraction disk is made of 40 mrad. Furthermore, this same data is used to measure CoM inside every diffraction disk as indicated in step 4. The CoM shift is measured from the center (0, 0) position in mrad, which provides CoMx (magnitude) and CoMy (vector) components. To carry out the data treatment, the DM4 formatted 4D STEM data were treated using a python package py4DSTEM 245 . The CoMx reflects the magnitude of the projected electric field and CoMy gives the electric field vector information (Ehrenfest's theorem) as shown in step 5. Furthermore, the other correlated quantities, like, projected electrostatic potential (step 6) and charge density (step 7) are calculated from the measured electric field by using Maxwell's equation (Eq (5.4) and Eq(5.5)). All the calculations were done using the py4DSTEM script except the charge density which was calculated using a digital micrograph script developed in our lab during a master's internship project. In practice, CoM measurement is sensitive to various microscope parameters such as convergence angle: determines probe size, the pixel size in real space: determines spatial resolution; probe current, and dwell time: determines sample damage and signal-to-noise ratio; camera length (pixel size in reciprocal space): determines the sensitivity of sub-pixel CoM shift, etc. Such parameters can strongly influence the result acquired from the 4D STEM data, resulting in misinterpretation of the results. In this chapter, we have investigated one by one the microscopy parameters that can influence the CoM measurement in order to calculate the accurate atomic electric field and related information about the materials with sub-atomic resolution. The experimental parameters I have particularly investigated in this study are summarised in the following table 5.3. To carry out this study, we defined a 20 mrad convergence angle to have an optimum spatial resolution with an Å-size probe at 80 keV acceleration voltage. Step size in real space Spatial resolution vs sample damage

3.

Step size in reciprocal space in mrad (defined by camera length)

Sensitivity of sub-pixel CoM shift Dwell time is an important parameter for atomically thin 2D materials, that determines the duration of beam exposure to a single probe position on the sample. Thus dwell time is responsible for the signal-to-noise ratio obtained in the images and the sample instability due to longer beam exposure to the sample, which can cause sample damage and instability by transferring electron energy and generating heating effects. It is important to study the optimal exposure time required to obtain enough signal in the recorded diffraction pattern and prevent the sample from beam-induced instabilities at the same time. The fast-speed Medipix3-Merlin detector allows recording a diffraction pattern with a minimum readout speed of 0.8 ms/probe position in a 12-bit mode. To carry out this experiment, we fixed the optimized value of probe current 12 pA and varied exposure times from the minimum of 0.8 ms to 3.2 ms. Figure 5.10 shows virtual HAADF images and the calculated electric field and related quantities from the 4D STEM data recorded with the series of dwell times. The virtual HAADF images show some Atomic-scale mapping of local electric field and electrostatic potential in 2D materials by 4-dimensional (4D) STEM 126 line artifacts that are indicated with arrows. Such line artifacts increased with higher exposure time, indicating atom displacement or vibration at longer exposure time. The electric field and the charge density maps are difficult to judge due to the line artifacts and higher noise in the maps. Electrostatic potential maps are calculated by integrating the electric field, the maps are smoother and comparatively more understandable. The potential map at 0.8 ms shows a good quality, where atomic positions of W atoms and Se are clearly distinguishable in the hexagonal. Besides, we observe an additional bright contrast network that is raised from the polymer residue contamination. The extension in the dwell time gives beam-induced damage to the sample (map 's' at 2.4 ms). We realize that surface contamination is more responsible for initiating the beam-induced damage to the sample as the potential maps acquired at higher exposure time (1.6 ms and 3.2 ms) are similar in quality to that of the map acquired at 0.8 ms and do not show the damage. Whereas the map acquired at 2.4 ms has a higher amount of surface contamination which helps to initiate the beam damage to WSe2 atoms from the edge of contaminants. This observation explains that the minimum dwell time of 0.8 ms is enough to obtain signals in the calculated field and related properties information. Whereas, surface contamination is the most critical parameter, leading to sample damage and instability during data acquisition and introducing additional charges in the reconstructed electric field and related maps. m,n,o,p) and potential (q, r, q, t) are calculated for different dwell times. 5.5.2 Step size in real space: spatial resolution vs sample damage Determining an optimum step size is very important to extract atomically resolved information about the samples. Ideally, the step size should be smaller than the inter-atomic distance to get higher spatial resolution information. In fact, step size affects the acquired 4D STEM data quality in a similar way as exposure time. Smaller step size is favorable to giving high spatial resolution in structural information, but at the time the beam will scan on the sample at very Atomic-scale mapping of local electric field and electrostatic potential in 2D materials by 4-dimensional (4D) STEM small intervals, thus, atoms will be exposed to the beam for a longer time duration. As a result, atoms can start vibrating or displacing from their position. Therefore, step size determines indirectly the duration of beam exposure across an atomic site, and it needs to be optimized to get atomic resolution information but also to avoid sample damage during the data acquisition.

Here, we optimized pixel size to obtain atomically resolved atomic field information and prevent the sample from beam damage. In our experimental setup, we can control the step size by magnifying or de-magnifying the scanning zone. The pixel sizes we investigated in this study and the correlated magnification for the 100 x 100 px scanning zone are highlighted in table 5.4. The inter-atomic distance between W and Se atoms is 1.9 Å. Figure 5.12 demonstrates schematically scanning intervals between W and Se atoms for the pixel sizes used in the experiment. When the pixel size is 0.2 Å (A), The beam has almost 10 scanning points between W and Se atoms, which is enough to extract interatomic electric field information while not initiating the atomic vibration. Although, in reality, the beam size is in the Angstrom range, which is bigger than that shown in the schematic. This means in every scan both atoms are exposed to the beam. Smaller step size, like 0.15 Å provides 12 scanning points (B), and 0.1 Å gives 19 scanning points between W and Se atoms. Such higher numbers of scanning do not bring more precise information but promote atoms displacement by exposing the atoms many times to the beam. It is also important to note that even with optimal microscopy conditions, surface contamination can also cause sample instability by getting charged under the e-bam. 

Sample preparation optimization: WSe2 layer directly grown on graphene

During the first part of this work, it has been revealed that it is extremely important to minimize surface contamination to avoid sample instabilities during 4D STEM data acquisition. In order to further study the influence of microscopy parameters on CoM measurement with minimum interference from contamination, we tried to find an alternative to the layer-by-layer sample preparation approach that provides the accumulation of contamination on the sample. We used a WSe2 sample directly grown on a graphene monolayer. The WSe2 grains were grown via MBE on a graphene monolayer on Pt substrate, the grown WSe2/graphene surface was protected with a selenium capping by a direct deposition in the MBE chamber to avoid direct contact with the polymer layer that will be used during the transfer process. This WSe2/graphene stack was delaminated using the polymer-assisted electrochemical wet transfer method (refer to chapter 3, section 3.3.1.1). Here, the polystyrene layer was spin-coated as a mechanical support. After transferring the stack from the growth substrate to the TEM grid, the support layer of polystyrene on the sample was dissolved in toluene for 45 min and followed by rinsing the sample in acetone and isopropanol solvents. The selenium capping left on the sample was removed by sublimation process by heating the sample under vacuum at 250°C for 1 hour. The big advantage of selenium capping was to protect the sample surface from direct contact with the PS protection layer, resulting in minimal polymer residues left on the sample. The difference in the level of surface contamination between sample 1 prepared by layer-by-layer transfer and sample 2 prepared by transferring the WSe2 directly grown on graphene can clearly be observed in the acquired HAADF images in figure 5.13. There is a significant decrease in contamination (additional bright contrast) in sample 2. Therefore, sample 2 was used for further 4D STEM experiments. .15 shows the local atomic field and related quantities calculated from the data acquired at different camera lengths. We do not find any significant difference in the values of the calculated electric field and related quantities. This attributes that CoM subpixel shifting is enough sensitive to measure. Taking advantage of this investigation, we decided to stay with smaller CL for further experiments to be able to reconstruct also virtual HAADF images by collecting high-angle scattered electrons on the detector from single datasets. 

Effect of post-acquisition data binning: data size vs information loss

The huge size of 4D STEM data is one of the biggest challenges for storing it and for further processing. The data we acquired in this study were usually from a 100*100 px zone that generated 10000 frames of the diffraction patterns from each probe position. Each frame consisted of 256*256 px. Thus, a single 4D STEM dataset was comprised of more than 2 GB. We can imagine that a few 4D STEM experiments can generate a huge amount of data which is very difficult to manage. This issue needs to be addressed to enable this technique for routine use. To do so, we attempted to investigate post-acquisition binning of the 4D STEM data by reducing the data volume and its impact on the calculated electric field and related information.

WSe2/graphene 4D STEM data binning

The idea of post-acquisition data binning is based on our camera length study that showed that sub-pixel CoM measurement is possible in the 4D STEM dataset. Figure 5.16 illustrates the calculated electric field and related quantities from the acquired raw data and the same data which is consecutively binned in the Gatan digital micrograph. The data was acquired from 100*100 probe positions on the 256*256 pixelated Merlin detector. Further, this data was binned by factors of 2, 4, 8, 16, and 32. Figure 5.16A illustrates the acquired diffraction disk consisting px size of 417 urad/px and other calculated physical quantities. We observe in all CBED maps that the direction of CoM shift (highlighted with arrows) is detectable and similar even in the transmitted disk made of 4 pixels after 32 fold of binning. The CBED maps shown in the figure correspond to the Se atomic column position as indicated in the HAADF image inset. The electric field and vector maps also show similar scale values. The maximum field value is 56 V which corresponds to 0.37 mrad CoM shift. Interestingly, such a small CoM shift is detectable with 13.3 mrad/px size in the 32 times binned data and gives values similar to that given with 0.41 mrad/px size in the raw data. To precisely evaluate the difference in the values of calculated physical properties, i.e. electrostatic potential, we did a line profile from the atomic column indicated with red arrows in all potential maps. The line profile (G) signals confirm that no significant loss of information occurred by reducing the data size and increasing the pixel size in reciprocal space. This attributes that CoM subpixel shift detection is enough sensitive to further provide the electric properties information, and the result shows a good agreement with the camera length study. Furthermore, the point to be noted here is binning the data 16-fold remarkably reduces the data size from 2.4 GB to 10.2 MB. Besides, one important point arises by looking at the results that four pixels in the transmitted disk are able to detect the magnitude and vector of CoM shifting, which means 4 segmented DPC detectors might be enough efficient to detect subpixel CoM shift similarly to 2D pixelated detectors. This needs further assurance by comparing CoM results of the binned data (4 pixels) acquired on the pixelated detector and the data acquired by a 4-segmented detector. The binning results acquired from the WSe2 sample inspired us to investigate binning of the CoM data from a graphene sample as the CoM shift will be extremely small in graphene due to the small atomic field in comparison to WSe2. To do so, 4D STEM data on graphene was acquired from 100*100 probe positions on the 256*256 pixelated Merlin detector. Figure 5.17 shows the calculated electric field and related quantities from the acquired raw data and the same data which was consecutively binned by factors of 2, 4, 8, 16, and 32. Figure 5.17A illustrates the acquired diffraction disk consisting px size of 421 urad/px and other calculated physical quantities. The maximum value of the electric field is found to be 5.7 V which corresponds to 0.05 mrad CoM shift. We observe that the electric field value is found to be similar after binning the data by the factor of 32 where only 4 px of 13.4 mrad/px size are present in the transmitted disk. This result is very interesting as 0.05 mrad CoM shift is detectable with a px size of 13.4 mrad and provides a magnitude and vector similar to that given with 0.42 mrad/px size in the raw data. To confirm the results, we did a line profile from the atomic column indicated with red arrows in all potential maps. The line profile (G) signals confirm that no significant difference is seen in the potential values of raw and binned data. This indicates an extremely high detection sensitivity of CoM in subpixel is provided by the pixelated detectors. Such binning studies provide an efficient way to manage large-sized 4D STEM datasets without losing the information. Also, it suggests that a few pixelated detectors might be enough sensitive for CoM detection in subpixel. Graphene is difficult to image using ADF due to weakly scattered electrons by carbon atoms providing very low contrast in the images. Moreover, defects strongly influence the physical properties of graphene. The electronic structure can be analysed by using EELS in STEM. However, it is extremely challenging to obtain the EELS spectrum of atomically thin layers, particularly from the defective sites, due to the sample instability and beam irradiation damage during a long time of EELS spectrum acquisition. Here, we tried 4D STEM-CoM measurements on a graphene monolayer. Also, graphene shows good compatibility for testing such kinds of TEM measurements as it is made of light carbon atoms and owns single-atom thickness, thus giving negligible dynamic diffraction. However, it was extremely challenging to carry out 4D STEM experiments on graphene at 80 keV voltage in our microscope as the almost zero contrast of carbon atoms in the HAADF images makes it difficult to select a good zone of interest and an optimum defocus level for 4D STEM data acquisition. The electric field of an individual carbon atom is pointing towards the outwards direction from the nucleus making a donut shape pattern, whereas the nuclear site (center of the atom) shows a negligible field. In addition to that, various field minima appear in between the neighbouring atoms as seen by the zero contrast. There is strong covalent bonding between carbon atoms and the interatomic distance in graphene is as small as 142 pm, because the electric field of adjacent atoms overlaps partially and leads to the arise of minima of the electric field at the high symmetry points. For example, the electric field of 2 neighbouring atoms is exactly the same but in the opposite direction so the net projected electric field cancels out. Similarly, the net projected electric field is minimum at the center of the hexagon. The reason might be due to the superposition of electric fields of the surrounding six carbon atoms. The electric field mapping can be beneficial to identify the fluctuation in the electrostatic forces with atomic defects. In figure 5.18g the arrow indicates the direction of the field and the contrast indicates the strength of the field. The charge density map (d) is very noisy and therefore not interpretable. Figure 5.18e shows the electrostatic potential map, where three carbon atoms in the hexagon ring show dominant contrast over the remaining three carbon atoms. This indicates the presence of a lens aberration, three-fold symmetrical A2 astigmatism, in the microscope during the experiment. This is a big issue for the 4D STEM experiment on graphene where HAADF images give negligible contrast and limit the improvement in defocus and other aberrations values during the experiment. 

Visualization of lighter atom dopants in WSe2

STEM-HAADF is a common imaging technique that provides a direct interpretation of the atomic structure and chemistry of materials by using the Z-contrast concept, where the chemical contrast (I) in the images is driven by the atomic number: 𝐼 𝐻𝐴𝐴𝐷𝐹 ∝ 𝑍 𝛼 , where 𝛼 = 1.7 𝑡𝑜 2.0 for the commonly used collection angle of the detector. The heavy atoms appear brighter and light atoms are usually invisible in the images. HAADF imaging is thus not preferably used to study light atom dopants in a system. Furthermore, EELS spectroscopy is one of the efficient ways of determining unknown light atoms inside materials with a high spatial and energy resolution. Nevertheless, EELS spectrum imaging is challenging for beam-sensitive materials as it requires a longer acquisition time, i.e. minimum acquisition time is 50 ms, leading to sample damage and instability during the data acquisition. 4D STEM-CoM can be proved as a promising technique to study such light atom dopants and the correlated physical properties inside the materials. Here, we attempted to explore this application of 4D STEM-CoM on a 2D material model system; Vanadium dope WSe2 layer. 2D semiconductors doping with magnetic atoms have been extensively studied to induce magnetism in the materials. For this, Vanadium (V) doping in the WSe2 layer is easier in terms of the growth to induce magnetic moments in the material 246 . The V-doped WSe2 layer was grown by MBE on graphene on the Pt substrate (provided by collaborators from Spintec). It is known that V dopants preferably substitute W atoms in the system. From a microscopy study point of view, it is difficult to differentiate between the V dopant and W vacancy present in the system using conventional HAADF imaging as V atomic number (ZV = 23) is considerably lighter than the W atomic number (ZW = 74) and the selenium atomic column (Z2Se = 63). Therefore, the vanadium dopants in HAADF images are barely visible. We demonstrate a comparison of the Vanadium dopant visualization using HAADF imaging and 4D STEM-CoM in figure 5.19. HAADF image of V-doped WSe2 is shown in fig. 5.19a. The darker contrast appearing in the image corresponds to the V dopants.

A zone consisting of the V dopant is shown in the zoom image (b), where almost negligible contrast can be seen at the W atom site. This might be a V dopant or can be a W atom vacancy, however, we are sure that there is almost no chance of W atom vacancy in the system as W vacancy formation energy is higher than Se atoms. Furthermore, the 4D STEM-CoM simulation study carried out in our group showed that this technique is sensitive to lens aberrations. In this study, the mirror domain boundary in WSe2 was investigated and it was found that the electric field and potential images exhibit inverse contrast on both sides of the boundary. A similar effect has been observed in HAADF images of 2D materials and explained by the presence of three-fold astigmatism (A2) 156 .

Conclusion and perspective

High-resolution 4D STEM CoM measurements provide an efficient way to measure atomicscale electric fields and related quantities in 2D materials. Such information can be beneficial to identify defects and correlated properties fluctuation in materials. This technique is highly sensitive to many microscopy parameters including surface contamination on samples. In this thesis work, we have investigated the important parameters that can influence the acquired 4D STEM data and limit the quantitative study of the results. The huge size of data acquired from 4D STEM-CoM is an issue to conduct unlimited experiments and handle the data. We have found that post-binning is a good way to remarkably reduce the data size without losing information. A few pixels, i.e 4 px, are enough to detect CoM shift in subpixel. This result should be further investigated by comparing CoM results of the binned data (4 pixels) acquired on the pixelated detector and the data acquired by a 4-segmented detector. We have further demonstrated an important application of the optimized 4D STEM measurement for visualizing light atom dopants in two-dimensional material (V-doped WSe2) that is difficult to obtain by HAADF imaging. Potential maps are able to enhance the signal of light atoms in materials and can be useful for light atom dopant detection in materials. Nevertheless, quantitative assessment of the electric field and related information is still not achieved in this study. We found in the simulation studies carried out in our group that threefold astigmatism A2 plays a very critical role in varying the contrast acquired in 4D STEM-CoM images. This needs to be further investigated to be able to reach the quantitative analysis of the images. In the continuation of this work, a Ph.D. student who recently joined the team will work on the quantitative assessment of the potential acquired from the 4D STEM-CoM. This future will be conducted in collaboration with DFT groups of UCLouvain and L_Sim.

General conclusion and prospective

Controlled defect formation like narrow size pores in graphene has the potential to extend graphene capacity for a wide range of separation membrane applications. Obtaining such sophisticated control over defect formation and observing them in graphene material has been experimentally challenging. The purpose of this thesis is to provide a detailed and systematic approach for atomic defects study in graphene material particularly focusing on two important fundamental challenges, formation of size control atomic defects with angstrom precision by a scalable technique, and investigation of this precise atomic-scale information by advanced lowvoltage AC-TEM techniques.

With this objective, as a first step, a promising plasma-based cleaning approach has developed to selectively etch atomically thin PMMA residue contamination from the graphene surface without inducing any physical damage to the material. To date, this plasma technique is the most advanced scalable cleaning strategy that offers significant cleaning of graphene monolayers. This work has presented that a complete removal of the atomically thin PMMA contamination is possible with downstream hydrogen plasma cleaning if the surface of graphene is free of additional heavy contaminants like Si-based impurities. The effect of PMMA cleaning on the mobility of graphene has also been explored and found that the downstream hydrogen plasma cleaning treatment did not induce hydrogenation of graphene samples and maintained the mobility values before and after the treatment. This finding is very interesting since it can be beneficial for graphene-based electronic device fabrication by providing strong adhesion between metal contacts and the cleaned graphene surface while maintaining the original transport properties of the material. Also, this plasma-based cleaning strategy can be optimized for the cleaning of polymer contamination from other 2D materials like TMDs.

As a next step, we have addressed the experimental challenges of atomic defect study in graphene monolayers including their size-controlled formation and atomic scale analysis. A low-energy hydrogen plasma was used to create size-controlled defects in suspended graphene samples. With different plasma exposure times, surface passivation, monoatomic vacancies, and nanopores were realized in suspended graphene monolayers on TEM grids. The formation of these atomic defects and their structure evolution in graphene with plasma exposure time have been precisely investigated by HR-TEM and Raman spectroscopy. We have found that both characterization tools are important and complementary to examine the atomic defects as Raman spectroscopy alone was able to detect surface passivation, but, we were unable to differentiate the Raman signals from atomic vacancies and passivation. Whereas, atomic vacancies including their size and density were efficiently detected by HR-TEM. We have further explored the correlation between plasma-modified graphene structure and wettability by using cryo-TEM as a characterization tool. The results have shown that atomic defects (vacancies/nanopores) transformed the graphene surface from the inherent hydrophobic to a hydrophilic one and allowed the formation of a uniform ice layer on the surface. Finally, the advantages of defective graphene as a support membrane in cryo-TEM experiments over the without graphene support membrane have been investigated for single-particle atomic resolution imaging of protein particles. In future work, this knowledge can be expanded to develop a wide range of graphene-based molecular separation membranes and to develop graphene-based liquid cell systems to provide in-situ TEM study of the growth dynamics of nanoparticles or catalytic reactions in different liquid environments.

In the last part of this thesis work, we have tried to establish the high-resolution 4D STEM-CoM microscopy technique to extract local atomic electric fields and related information in 2D materials at the atomic scale. Particularly, the influence of experimental conditions including surface contamination and microscopy parameters (e-beam exposure time, the pixel size in real and reciprocal space) on the 4D STEM results have been investigated. We have found that surface contamination is one of the most critical parameters that strongly impacted the 4D dataset and lead to the misinterpretation of the charge density in the samples by giving artifacts in the images. We have further addressed the huge data size problem of the 4D dataset that raises difficulties in data storage and data treatment. We have found that post-binning is an efficient way to significantly reduce the data size without losing information. A few pixels, i.e. 4 pox, were enough to detect CoM shift in subpixel and to calculate the electric-field information at the atomic scale. This observation is useful in terms of data handling and treatment and needs to be further investigated by comparing these CoM results of the binned data (4 pixels) with the data acquired by a 4-segmented detector. Finally, we have compared the vanadium dopant atom signal from the HAADF-STEM image and the potential map and have found that 4D STEM-CoM is an efficient technique to observe the lighter dopant atoms in 2D materials. In future work, this technique needs to be further investigated to reach a quantitative analysis and to compare the values with DFT calculations. 
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Introduction

Cette thèse de doctorat porte sur l'étude des défauts à l'échelle atomique dans le graphène et les matériaux bidimensionnels (2D) apparentés à l'aide de techniques de microscopie électronique à transmission corrigée de l'aberration (AC-TEM) à bas voltage.

Depuis la dernière décennie, l'intérêt de la communauté scientifique pour les couches atomiquement minces, également appelées matériaux 2D, s'est rapidement accru. Selon le Web of Science, le nombre d'articles de recherche basés sur des matériaux 2D est passé d'environ 1900 (en 2004, la première fois que le graphène a été exfolié expérimentalement1) à environ 49100 en 20212. Leur structure 2D unique offre la possibilité d'ajuster leurs propriétés physiques par différents moyens tels que le dopage, l'ingénierie de la déformation, l'ingénierie des défauts contrôlés, etc... et ils peuvent également être empilés pour former des matériaux multicouches, dont les propriétés dépendent du nombre de couches et de la nature des couches dans le cas des hétérostructures (c'est-à-dire lorsque plusieurs matériaux 2D sont empilés). Cependant, il est généralement difficile de corréler le changement observé dans les propriétés d'un matériau 2D avec sa modification physique, car cette dernière nécessite une observation à l'échelle atomique (par exemple pour observer les dopants ou les défauts de taille inférieure au nanomètre générés dans un matériau 2D).

Grâce à l'installation de microscopie électronique du PFNC, le CEA nous a permis d'accéder au microscope électronique à transmission de nouvelle génération "FEI Titan3 Ultimate" équipé d'un double correcteur d'aberration et d'un monochromateur qui offre la possibilité de sonder les systèmes 2D jusqu'à l'échelle atomique.

Dans cette thèse, nous nous sommes concentrés sur l'observation des défauts de taille atomique, car ils sont toujours présents dans les matériaux 2D, comme le graphène. Ces défauts ont un impact critique sur les propriétés originales du graphène, limitant souvent ses performances dans diverses applications, mais offrant aussi parfois des opportunités de développer de nouvelles applications. Par exemple, l'ingénierie des pores à l'échelle nanométrique dans le graphène avec une distribution de taille étroite est apparue comme une approche efficace pour développer des membranes de séparation moléculaire à grande échelle et à haute performance, notamment pour la filtration des gaz, la purification de l'eau et le séquençage de l'ADN. Par conséquent, la compréhension de l'influence des défauts à l'échelle atomique sur les propriétés du graphène à grande échelle et le contrôle de ces défauts afin d'obtenir une corrélation structure-propriété spécifique pour les applications souhaitées constituent une avancée récente dans le développement technologique basé sur le graphène. Cependant, il est expérimentalement difficile de développer des processus capables de produire des pores de taille bien contrôlée et encore plus difficile de caractériser ces défauts car cela nécessite l'observation du graphène avec une résolution atomique. Bien que la MET offre la possibilité de créer des pores de taille et de densité contrôlées dans le graphène (par irradiation par faisceau d'électrons) ainsi que l'analyse de la structure en temps réel, elle n'est pas adaptée pour le faire sur des échantillons de grande taille qui sont nécessaires pour la fabrication d'appareils. En revanche, les technologies basées sur le plasma sont adaptées aux grandes tranches de silicium et, grâce au développement récent des procédés de gravure en couche atomique (ALE), certaines technologies plasma sont aujourd'hui disponibles pour minimiser les dommages dans les couches ultraminces, ce qui en fait des outils intéressants pour traiter les matériaux 2D. Puisque le LTM-CNRS possède une expertise dans le développement des procédés ALE dans les plasmas ICP pulsés et que le PFNC-CEA possède une longue expertise dans l'observation des matériaux 2D par TEM, l'objectif initial de cette thèse était de créer des pores subnanométriques dans le graphène en utilisant une technologie plasma évolutive et d'étudier le résultat en utilisant une microscopie électronique en transmission à basse tension corrigée de l'aberration (AC-TEM) de pointe.

Initialement, en 2019, nous avons ciblé une application bien définie : la fabrication d'une membrane de graphène à pores intégrés pour la filtration de l'hydrogène gazeux en collaboration avec le CEA-LITEN. Cependant, suite à des difficultés techniques rencontrées au laboratoire lors de Covid-19, nous avons dû modifier légèrement l'application visée par ce travail de thèse : au lieu de tester les performances de la membrane de graphène pour la filtration de gaz, nous avons étudié l'impact de la formation de nanopores dans le graphène sur sa mouillabilité avec une autre application importante du graphène poreux : son utilisation comme membrane support pour des expériences cryogéniques (cryo)-TEM.

Cette étude se compose globalement de trois parties : la première vise à développer une méthode robuste de nettoyage de surface par plasma pour le graphène. C'est déjà un grand défi, mais il est nécessaire de commencer avec du graphène propre pour caractériser ce matériau et les dommages induits par le plasma dans le graphène par TEM à haute résolution (HR) (le graphène typique est fortement contaminé par des résidus de polymères, ce qui empêche une observation correcte). En outre, le nettoyage de surface est utile pour développer des dispositifs à base de graphène tels que les membranes de filtration, les capteurs et l'électronique.

La deuxième partie de cette thèse porte sur la formation de défauts contrôlés induits par le plasma, c'est-à-dire des pores de différentes tailles dans une monocouche de graphène en suspension. L'interaction entre le plasma et le graphène à l'échelle atomique est principalement étudiée par AC-TEM monochromatique à basse tension, qui offre une analyse atome par atome du graphène. En outre, nous tentons d'étudier la corrélation entre la structure et la mouillabilité du graphène, qui est vitale pour l'application des membranes à base de graphène. Enfin, nous essayons de démontrer une application du graphène intégré dans les défauts comme membrane de support dans les expériences de cryo-TEM afin d'obtenir une imagerie de la structure des biomolécules résolue à l'échelle atomique.

La troisième partie contribue à l'établissement d'une nouvelle technique de microscopie, la microscopie électronique à balayage (S)TEM en quatre dimensions (4D). Cette technique est basée sur l'acquisition de diagrammes de diffraction complets par un détecteur quantique pixellisé en 2D dans l'espace réciproque à partir de chaque position de la sonde balayée audessus de l'échantillon dans l'espace réel, produisant un ensemble de données 4D. L'ensemble de données STEM 4D est extrêmement riche en informations sur l'échantillon et peut être utilisé pour extraire les propriétés physiques atomiques locales, le champ électrique, le potentiel électrostatique et la densité de charge à l'échelle atomique, ainsi que les détails de la structure atomique. Cette nouvelle technique peut être efficace pour fournir les fluctuations des propriétés physiques atomiques locales associées aux défauts atomiques dans les matériaux 2D, ce qui peut aider à comprendre et à contrôler les propriétés finales des matériaux. Cependant, la technique 4D-STEM est encore en cours de développement et nécessite une meilleure compréhension des aspects expérimentaux et de l'interprétation des données. Dans cette partie, nous visons à donner un aperçu des défis expérimentaux, y compris la préparation de l'échantillon et les paramètres de microscopie qui peuvent fortement influencer la précision des résultats STEM 4D. Pour les expériences 4D STEM, j'ai utilisé un système modèle basé sur un matériau 2D, une couche de WSe2 épitaxiée. Ce travail est une initiative visant à rendre cette technique accessible en routine pour l'analyse des matériaux 2D au PFNC du CEA. En outre, en utilisant le champ électrique atomique et les informations connexes, nous visons à démontrer l'une des applications de cette technique dans la détection d'atomes dopants plus légers dans les matériaux 2D.

Context of chapters

Chapter 1

Ce chapitre passe en revue les matériaux bidimensionnels et leurs défauts à l'échelle atomique, en accordant une attention particulière au graphène et aux applications potentielles des défauts atomiques dans les monocouches de graphène. En théorie, le graphène possède des propriétés physiques et chimiques extraordinaires. Cependant, dans la réalité, des défauts atomiques sont toujours générés au cours des étapes de traitement utilisées pour construire des dispositifs à base de graphène, ce qui dégrade les propriétés intrinsèques du graphène. Cependant, si les défauts sont néfastes pour certaines applications, ils peuvent aussi être favorables à d'autres applications en apportant de nouvelles propriétés physiques, chimiques et de surface si les défauts sont introduits de manière contrôlée. Dans ce chapitre, nous discutons des différents types de défauts présents dans le graphène et de l'impact favorable et défavorable de ces défauts sur les propriétés du graphène. Ces connaissances peuvent être utiles pour tirer parti de ces défauts afin d'étendre la capacité du graphène à des développements technologiques avancés. En outre, nous discuterons du rôle clé des défauts dans l'ajustement des propriétés de surface du graphène, ce qui le rend prometteur pour une variété d'applications basées sur la surface. En particulier, l'ingénierie des nanopores avec une distribution de taille étroite peut étendre la capacité du graphène à des membranes de séparation moléculaire à grande échelle telles que la filtration des gaz, la purification de l'eau, etc. Cependant, l'ingénierie de la taille nanométrique des pores dans la monocouche de graphène avec une précision de l'ordre de l'angström et l'analyse d'informations aussi précises à l'échelle atomique sont extrêmement difficiles à réaliser.

Chapter 2

Ce chapitre se concentre sur les techniques de caractérisation conventionnelles et avancées utilisées pour l'étude des défauts atomiques dans le graphène et les matériaux 2D apparentés tels que les dichalcogénures de métaux de transition (TMD). La spectroscopie Raman et l'XPS seront abordées pour étudier la cristallinité et la surface des monocouches de graphène, respectivement. Une analyse précise de la structure atomique des défauts dans les matériaux 2D à l'aide de techniques TEM avancées à haute résolution sera expliquée en détail. En outre, je discuterai brièvement d'une technique de microscopie récemment apparue, la microscopie à balayage (S)TEM quadridimensionnelle (4D), car ce travail de thèse contribue également à l'établissement d'une méthodologie STEM 4D à haute résolution pour étudier le champ électrique atomique local et les propriétés connexes dans les matériaux 2D.

Chapter 3

Pour une étude précise des défauts atomiques dans les matériaux 2D par HR-TEM, le nettoyage de la contamination de surface est essentiel. Ce chapitre vise à décaper sélectivement les contaminants de surface de la monocouche de graphène. Cette contamination consiste généralement en des résidus de polymères, comme le polyméthacrylate de méthyle (PMMA), qui est utilisé comme support mécanique pendant le processus de transfert humide du graphène. De plus, les effets de surface sont dominants dans les couches atomiquement minces comme le graphène, et donc la présence de résidus de PMMA, même en petites quantités, peut dégrader ses propriétés physiques et de surface. Il s'agit de l'une des principales limitations à l'utilisation pratique du graphène dans de nombreuses applications, notamment l'électronique, les dispositifs de détection basés sur la surface, la formation de défauts contrôlés par la taille et la caractérisation structurelle avancée telle que la HR-TEM. La technologie du plasma est connue pour son efficacité dans le nettoyage de surface des matériaux. Ici, nous cherchons à étudier l'utilisation d'un plasma d'hydrogène en aval, un système de plasma à distance, pour éliminer sélectivement les résidus de PMMA atomiquement minces de la surface de la monocouche de graphène. La configuration du plasma en aval, dans laquelle le substrat n'est bombardé que par des radicaux à faible énergie (c'est-à-dire sans ions énergétiques), facilite une gravure chimique sélective des résidus de PMMA par des atomes d'hydrogène réactifs tout en empêchant les dommages causés au graphène par la pulvérisation et la gravure améliorée par les ions. Dans cette étude, nous surveillons l'effet du plasma d'hydrogène en aval sur la surface du graphène par HR-TEM, spectroscopie Raman et caractérisation XPS. En outre, nous tentons d'étudier l'impact de l'élimination du PMMA de la surface du graphène sur sa mobilité électronique par des mesures de l'effet Hall de van der Pauw. Cette étude peut être étendue à la fabrication de dispositifs électroniques et de surface à base de graphène, tels que des capteurs, des membranes de filtration, etc. ainsi qu'à la microscopie électronique à transmission avancée afin de fournir des informations structurelles précises à l'échelle atomique.

Chapter 4

Ce chapitre se concentre sur l'étude des défauts atomiques dans la monocouche de graphène à l'aide de la MET monochromatique HR, qui peut fournir des informations structurelles résolues au niveau atomique sur des échantillons contenant des éléments légers. Pour incorporer des défauts dans le graphène de manière contrôlée, un plasma d'hydrogène à faible énergie est utilisé dans un système de plasma à distance. Avec différents temps d'exposition au plasma, des surfaces hydrogénées, des vides monoatomiques et des nanopores sont réalisés de manière contrôlée dans du graphène en suspension sur des grilles TEM. En outre, nous tentons d'étudier la corrélation entre les structures atomiques des défauts du graphène et la mouillabilité de la surface en utilisant la cryogénie (cryo)-TEM comme outil de caractérisation. Pour ce faire, les échantillons de graphène modifiés par plasma sont utilisés comme membranes de support pour les expériences de cryo-TEM. La cryo-TEM est essentiellement utilisée pour étudier la structure native des biomacromolécules incluses dans la glace amorphe (vitrifiée). Il est donc essentiel d'avoir une bonne mouillabilité (hydrophilie) des membranes de support utilisées pour les échantillons cryogéniques. En collaboration avec l'équipe de Schoehn, l'équipe de Nury et l'équipe de Breyton à l'IBS, nous étudions l'efficacité d'un support de graphène intégré dans les défauts pour la reconstruction 3D de molécules de protéines à l'échelle d'une seule particule en cryo-TEM. Cette étude permet non seulement d'étudier les défauts à l'échelle atomique dans le graphène par HR-TEM, mais aussi d'appliquer directement ces défauts dans le graphène en tant que membrane de support hydrophile ultra-mince pour les expériences de cryo-TEM. 
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 11 Figure 1.1 Graphene structure: (a) Honeycomb lattice structure of graphene. The unit cell consists of two carbon atoms represented by A and B, a1 and a2 are the lattice vectors, (b) the corresponding Brillouin zone, showing the high-symmetry points 5 . (c) Graphene electronic band structure was obtained by the tight-binding model; the valence and conduction bands connect in the Brillouin area 6 .
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 12 Figure 1.2 Structural configuration of monolayer TMD and band structure of MoS2: (a) X-M-X structural configuration of monolayer MoS2. Theoretically calculated band structures of (b) bulk MoS2, (c) quadrilayer MoS2, (d) bilayer MoS2, and (e) monolayer MoS2. The solid arrows indicate the lowest energy transitions. Bulk MoS2 is characterized by an indirect bandgap. With reduced layer thickness, the indirect bandgap becomes larger, while the direct excitonic transition barely changes. For monolayer MoS2 in (e), it becomes a direct bandgap semiconductor 12 .
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 14 Figure 1.4 Van der Waal heterostructures based on 2D materials: a), About 40 different layered TMD compounds exist. The transition metals and the three chalcogen elements that predominantly crystallize in those layered structures are highlighted in the periodic table. Partial highlights for Co, Rh, Ir, and Ni indicate that only some of the dichalcogenides form layered structures. For example, NiS2 is found to have a pyrite structure but NiTe2 is a layered compound 16 . b), Building van der Waals heterostructures. If one considers 2D crystals to be analogous to Lego blocks (right panel), the construction of a huge variety of layered structures becomes possible. Conceptually, this atomic-scale Lego resembles molecular beam epitaxy but employs different 'construction' rules and a distinct set of materials17 .
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 16 Figure 1.6 Structural rearrangement of atomic vacancies in graphene: (a) Mono-carbon atom vacancy in graphene atomic structure obtained from DFT calculations 26 and in experimental TEM image 22 (b) Adjacent di-atomic vacancy defect in graphene model obtained from DFT calculation and the corresponding TEM image 26 .
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 19 Figure 1.9 Change in Young's modulus with monoatomic vacancy defect and Stone-Wales dislocations in monolayer graphene. Inset: a monatomic vacancy and Stone Wales defect in graphene 44 .
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 1 Figure 1.10 Atomic model of graphene with substitutional impurity: a), boron atom substitution at carbon atom position in graphene 52 . b), N atom doping leads to different N-species formed in graphene. Graphitic-Ns are formed in the graphene network. While other N-species are formed at the edge of nanoholes or the edge of graphene 53 .
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 1 Figure 1.11 Energy band diagram of p-type and n-type doped graphene: (a) p-type doped graphene and expanded work function; (b) n-type doped graphene and reduced work function. Structure of doped graphene by: (c) substitutional doping, where heteroatoms are located at carbon atom sites ; (d) p-type surface transfer doping; (e) n-type surface transfer doping 49 .

Figure 1 .

 1 Figure 1.12 Topological disclination and dislocation defects in graphene: (a) Positive (s = 60•) and negative (s = -60•) disclinations in graphene are produced by either removing or adding a 60• wedge (shaded area) of material without changing the coordination of carbon atoms. (b) Atomic structures of (1,0) and (1,1) dislocations, and a (1,0) +(0,1) dislocation pair, respectively. The dashed lines delimit the introduced semi-infinite strips of graphene originating at the dislocation core. Non-6-membered rings are shaded 57 .

  Figure 1.13 Flower defect in graphene due to the combination of dislocation and declination defects: (a-d) Experimental flower-related defects of increasing size. (e-h) DFT calculated flower-related defects of increasing size: (e) unitary flower T1, (f-g) double flowers with vacancies and raw, and (h) triple flower T2. Pentagons and heptagons are highlighted in green and magenta, respectively, in both series. (i) Series of triangular-based domain Tn. The different colours correspond to the different orientations of graphene inside (blue) or outside (red) of the domain. The formation energy per pairof 5-7 is 2.38, 1.17, 1.21, 1.24, and 1.24 eV for the depicted Tn series 59 .

Figure 1 .

 1 Figure 1.16 Origin of chemical reactivity of graphene: (A) Intrinsic reactivity arising from the delocalized p-bonding system. (B) Zigzag and armchair edges. (C) Monovacancy. (D) Local structure of a curved graphene sheet. In (A) and (D), the Pz atomic orbitals are shown; the dashed lines represent the overlap between Pz orbitals. In (C), the dangling sigma bonds are shown 71 .
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 1 Figure 1.19 Pore size vs application of graphene membrane 91 .

Figure 1 .

 1 Figure 1.21 Different membrane configurations that can be developed using graphene monolayers: (a) Nanoporous single-layer graphene, (b) multi-layer graphene laminates 100 .
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 1 22 (I) explains the process to design such size-controlled pores in graphene: they first created a pore nucleation site in graphene using a 3 keV Ar ion beam, yielding 1-2 carbon atoms sputtering (fig. 1.22.I. B and C). Afterward, the sample was exposed to a parallel electron beam of 80 keV in the TEM (fig. 1.22D) until the desired size of pores enlargement was achieved (fig. 1.22E

Figure 1 .

 1 Figure 1.22 Process to design size-controlled pores in graphene using an electron beam in TEM: (I) Diagram of the graphene nanopore fabrication process. Starting with suspended, single-layer

Figure 1 .

 1 Figure 1.23 Plasma-based decoupled strategy of defect nucleation and controlled expansion of the defect: (A) Schematic of the partially decoupled defect nucleation and pore expansion. Evolution of graphene lattice after subsequent exposures to O2 plasma and O3. 107 . Characterization of nanoporous graphene. B and C, Aberration-corrected STEM images of graphene after 1.5 s exposure to oxygen plasma. Pores with characteristic dimensions of ∼1 nm are clearly seen. D, Raman spectra of graphene sample used for the STEM imaging, which shows ID/IG ≈ 1 106 .

Figure 2 . 1

 21 Figure 2.1 The scattering processes occur when a monochromatic light strikes a material. Image adapted from ref.115 

Figure 2 . 2

 22 Figure 2.2 Raman spectrometer (Renishaw) equipped with a 532 nm laser source.

Figure 2 . 3 shows

 23 Raman spectra of graphene acquired on SiO2 substrates, (A) represents pristine graphene, and (B) is defective graphene. Each signature peak originates from different vibrational and rotational energy levels of molecules and explains the crystallinity quality of graphene. The phonon dispersion in the electronic Brillouin zone (BZ) of monolayer graphene is shown in fig. 2.3C, it consists of three branches of acoustic (A), showing zero energy at Γ point, and three branches of optical (O), having finite energy at Γ point 116 . A graphene monolayer has six vibrational modes at the center of BZ at Γ point.: 2E2g, 2B2g, A2u, E1u.

Figure 2 . 3

 23 Figure 2.3 Raman spectra of graphene monolayer samples: (A) pristine and, (B) defective. (C) Phonon dispersion in the electronic Brillouin zone (BZ) of monolayer graphene. (D) E2g mode

Figure 2 . 4

 24 Figure 2.4 Photoelectron effect in XPS: Energy diagram demonstrating the photoelectron effect. Image adapted from ref. 131 .

Figure 2 .

 2 Figure 2.5 shows an XPS spectrum of a graphene monolayer on a TEM grid; a survey scan from 0-1000 eV with a step size of 0.5 eV was taken first to identify the main peaks from the sample, which was then measured individually with high precision. In the XPS spectrum of graphene, two prominent peaks are commonly observed at the binding energy of 284 eV and 530 eV, known as C1s and O1s peaks, respectively. The narrow scans, C1s: 280-298 eV and O1s 525-540 eV are shown as insets of the figure. C1s peak can further be deconvoluted to determine SP 2 and SP 3 species present in the sample. A component of aromatic C=C SP 2 bonds at 284 eV (graphene), one component of aliphatic C-C SP 3 bonds at 284.7 eV (from PMMA surface contamination and defects), C-H at 285.8 eV (from PMMA) and carbonyl C=O at 288.4 eV (from PMMA) can be seen. O1s shows mainly three compounds, C-O bonds at 531.6 eV, C=O bonds at 533.09 eV, and CuO at 529.2 (from Cu grid in TEM) 132,133 . The functional groups present in graphene can be quantified by the area covered by the peaks.
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 25 Figure 2.5 XPS spectrum of a suspended graphene monolayer on a TEM grid: Survey scans from 0-1000 eV. Insets represent the narrow scans of C1s and O1s std.
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 26 Figure 2.6 Electron beam-sample interaction and a variety of outcoming signals.

Figure 2 . 7 FEI

 27 Figure 2.7 FEI Titan 3 Ultimate (60 keV-300 keV) microscope and a schematic diagram of components inside the system. This schematic is inspired by the image given by Rice University and FEI.
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 28 Figure 2.8 Conventional TEM imaging mode: Parallel beam illumination on a sample and image formation in the image plane. Image adapted from ref. 134 .

Figure 2 . 9

 29 Figure 2.9 STEM imaging mode: (a) Illustration of the convergent probe scanning for the formation of STEM images. Image adapted from ref. 137 . (b) A convergent e-probe scanning over a sample and the outcoming signals are collected by BF/HAADF and spectroscopies.

Figure 2 .

 2 10a shows that the cross-section displacement of carbon atoms in the normal defect-free graphene sample is almost zero barn at 80 keV, which goes up to 0.2 barn at 100 keV. This means 80 keV is an optimum working voltage for a damage-free observation of defect-free graphene samples. Moreover, a similar kind of investigation on different TMDs has been carried out. The knock-on threshold energy for TMDs with respect to acceleration voltage is shown in fig. 2.10b 146 . It is clearly visible in the figure that the cross-section displacement of atoms in TMDs starts around 80 keV acceleration voltage. It has been explained in the report that the threshold damage of the sulfur atom is mainly seen at 80 keV.

Figure 2 .

 2 Figure 2.10 Measured knock-on atomic displacement cross sections for 2D materials: (a) Graphene single layer sample (C12: normal graphene, and C13: isotope enriched), the lower boundary of the shaded areas correspond to the calculated cross-section, while the upper boundary is twice the calculated value (as would be expected for correlated sputtering). The inset shows the calculations for 12C, 300 K, and static lattice on a larger energy range. (b) The cross-

Figure 2 .

 2 Figure 2.11 The progress of improvising spatial resolution in TEM: firstly by decreasing illumination wavelength (increasing acceleration voltage) and, recently by reducing microscope lens aberrations the resolution could be achieved up to 1Å at 200 kV acceleration voltage. Image adapted from ref. 148 .
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 2 Figure 2.14 Influence of defocus and third-order spherical aberration (Cs) on HRTEM images of graphene: Calculated HRTEM images of graphene at 80 kV, with Cc=1.41 mm, and measured energy distribution. The highest dark and bright atom contrasts are obtained for a set of Cs and

Figure 2 .

 2 15 shows an experimental HR-TEM image of a graphene monolayer having a grain boundary between two graphene grains misoriented by 30°. This example is adapted from the Ph.D. thesis of Y. Martin 137 carried out in our laboratory. The insets superimposed to the image are simulated images with different A2 conditions and a different number of layers. Fig 2.15a shows the simulated image of mono-layer graphene without A2. The upper part of the image contrast is close to the experimental image, but the contrast of the bottom part does not match the image. The second case in fig 2.15b, where the top part (single layer) and the bottom part (AB stacking bi-layer) are in agreement with the experimental image.

Figure 2 .

 2 Figure 2.15 Influence of three-fold astigmatism (A2) on the interpretation of HRTEM images of graphene: HRTEM image of graphene grain boundary at 80 kV. (a) Simulated single layer-

Figure 2 .

 2 Figure 2.16 Influence of A2 on STEM-HAADF images: A2 impact on MoS2 HAADF-STEM image depending on the mutual orientation between them. (A) Computer-generated atomic models of monolayer MoS2 with a mirror grain boundary. (B) Schematic representations of the dissimilar atomic configurations where S contrast degrades on the left side and enhancement in S contrast is observed on the right side. (C) Simulation of HR-STEM ADF imaging for the atomic models in (A) with A2 applied. Images adapted from ref.156 .

Figure 2 .

 2 Figure 2.18 Simulated CTF profiles of the microscope with different Cs and Cc aberrations at 80 keV: (A) a conventional TEM without aberration correction shows the point resolution (dp) of 2.9 Å, Cs value is used 0.5 mm. (b) After minimizing the Cs value to -0.01 mm, the value of dp is improved up to 1.9 Å, the energy dispersion value (∆E) is 1.2 eV. Further, by combining monochromator effect, the ∆E is decreased to 0.15 eV and, the value of dp is improved to 1.1 Å.The simulations were carried out using JEMS software.
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 2 Figure 2.19 Simulated TEM images of graphene at 80 keV before and after monochromator effect: Simulated TEM images of graphene single layer with a series of defocus values (indicated

Fig. 2 .

 2 21 B and C are the results of 20 sub-frames stacking.

Figure 2 .

 2 Figure 2.21 Defect detection in HRTEM image of graphene: unfocused vs focused beam conditions: HRTEM image of atomic defects integrated graphene monolayer captured at (A) under-focused condition to track atomic defects with higher contrast appearing at their edges. Afterward, at a good defocus condition (B and C), images are captured for precise structural analysis of the defects.

Figure 2 .

 2 22 shows an example of HAADF images of epitaxially grown WSe2 monolayers sample, which will be studied by 4D STEM technique in Chapter 5. The image acquired at lower magnification in fig.2.22A shows mass-thickness contrast, providing a direct interpretation of the number of layers present in the material.

Figure 2 .

 2 22B shows an HR-HAADF image, where W and Se atomic columns can be easily differentiated with the intensity variation between these atoms as the W atomic number (ZW = 74) is slightly higher than the selenium atomic column (Z2Se = 63). The HR image reveals inversion domains of WSe2 are connected with a grain boundary of type 4|4P as indicated in the inset image.

Figure 2 .

 2 Figure 2.22 HAADF-STEM images of WSe2 monolayer: A) image at lower magnification, B) high-resolution image showing intensity difference between W and Se atomic columns due to the Z-contrast. The inset image highlights inversion domains in the sample that are connected with a grain boundary of type 4|4P.

Figure 2 .

 2 Figure 2.23 4-dimensional STEM: (A) Experimental setup with 2D pixelated electron camera. (B) 4D data acquisition of atomically thin layers by recording CBED patterns on a 2D pixelated electron detector from each scanning probe position. Images adapted from ref. 157 .

Figure 2 .

 2 Figure 2.24 Orientation mapping by 4D STEM: Example of orientation map of epitaxially grown WSe2 layer that was generated from the diffraction pattern series acquired in 4D STEM dataset.

Figure 2 .

 2 25 shows an initial result of the local atomic electric field map of WSe2 monolayer generated from 4D STEM-CoM data acquired on CMOS One-View camera in the laboratory. However, this technique is under development and requires a better understanding to further make it routinely accessible for 2D materials investigation. In this thesis, I aim to provide insight into the experimental challenges including sample preparation and important microscopy parameters that can directly influence the accuracy in the interpretation of 4D STEM-CoM images. In this work, I acquired 4D STEM datasets using Medipix3-Merlin, a high-speed direct electron detector consisting of 256 x 256 pixels. This technique will be discussed in detail in Chapter 5.

Figure 2 .

 2 Figure 2.25 Atomic-scale electric field and related properties mapping by 4D STEM-CoM: Initial results of local electric field mapping in WSe2 monolayer using 4D STEM data acquired on CMOS One-View camera in the laboratory. HAADF image, CBED pattern recorded from each scanning probe position of a small red square shown in the HAADF image. Further, the local electric field and charge density were calculated by the Center of Mass (CoM) method.

Figure 3 . 1

 31 Figure 3.1 Different methods to clean PMMA from graphene surface 188 .

Figure 3 . 2

 32 Figure 3.2 Downstream plasma configuration 192 .

Figure 3 . 3

 33 Figure 3.3 Wet transfer of graphene monolayer: CVD-grown graphene monolayer transfer from the growth substrate Cu to TEM grids and SiO2 substrates via two different approaches:Electrochemistry and growth substrate dissolution.

Figure 3 . 4

 34 Figure 3.4 STEM study of electrochemically transferred graphene samples: (a) HAADF images of graphene batch 1 and graphene batch 2. Batch 2 illustrated additional NPs contaminants on graphene. (b) EDS maps were acquired from the zone of NPs marked with a red box in the HAADF. EDS shows the presence of Cu and O elements in the NPs.

Figure 3 . 5

 35 Figure 3.5 HAADF images of graphene sample (batch2) after the ammonium per sulfate chemical bath to dissolve the additional CuOx NPs contaminants. Images highlight still the presence of CuOx NPs.

Figure 3 . 6

 36 Figure 3.6 Pre-cleaning of the transferred graphene samples: (A) oxidative heating of graphene in an oven at 150°C. Samples were placed on a Teflon sheet. (B) vacuum heating of graphene at 300°C in a Gatan vacuum station by using the Gatan TEM heating holder.

Figure 3 . 8

 38 Figure 3.8 Graphene pre-cleaned HR-TEM image: PMMA residual can only be seen on the grain boundary because of the strong adhesion to defective sites on graphene.

Figure 3 .

 3 9b shows the C1s core-level XPS spectrum of a graphene sample, evidencing the typical contributions of PMMA A+G layers present on transferred graphene. The spectrum indicates the presence of PMMA A+G residuals with four components, C-H at 285.7 eV, C-C at 286.4 eV, C-O at 287.0 eV, and O-C=O at

Figure 3 . 9

 39 Figure 3.9 Types of PMMA layers based on their atomic arrangement above graphene surface: Reorganization of PMMA structure during transfer leads to different forms of PMMA; PMMA B , a thick layer of disordered structure, PMMA A , a thin layer of disordered and dense structure, PMMA G , a thin 2D organized layer of molecules at the interphase (a) 206 . (b) C1s core-level XPS

Figure 3 .

 3 Figure 3.10 A schematic of hydrogen plasma cleaning of graphene samples in a downstream plasma system: Graphene samples onto TEM grids and SiO2 substrates were subjected to a 300 mm dimensional SiO2/Si wafer by using kapton TM tape.

Figure 3 .

 3 Figure 3.11 XPS spectra acquired from the graphene samples onto TEM grids (a) C1s core-level spectrum from graphene before plasma cleaning, indicating characteristics of PMMA A+G . (b) C1s

Figure 3 .

 3 Figure 3.15 TEM study of SiOx residual removal from graphene samples by different fluorinebased plasma sources in downstream plasma systems: a), NF3 plasma treatment for 30sec etches SiOx efficiently but at the same time induces physical damage in graphene structure. b), CF4 plasma initiates breaking the SiOx into small particles but, the reactive Si atoms attack the C atoms in the graphene lattice structure.

Figure 3 .

 3 Figure 3.17 XPS study of microfiber mechanical cleaning of hydrogen plasma cleaned graphene: The spectra acquired from the hydrogen plasma cleaned graphene samples onto Al2O3 substrate. (a) Si2p std spectrum from the cleaned sample, indicating an intense signal of SiOx contamination. (b) The plasma-cleaned graphene sample after microfiber tissue treatment, the C1s core-level spectrum indicates no degradation of the graphene quality. Si2p std spectrum shows SiO-based peaks become extremely small after tissue cleaning.

Figure 3 .

 3 18 shows the Raman spectra acquired from graphene/SiO2 samples (fig.3.18a) before and (fig.3.18b) after the plasma cleaning. It is evidenced by the absence of a sharp D peak in the Raman spectrum that the graphene samples are defects-free and can be readily used for mobility measurements. Additionally, we observe a small blue shift of G band (fig.3.18c) by 2 cm -1 and 2D band (fig.3.18d) by 4 cm -1 after plasma cleaning. A similar blue shifting in the G band (2 cm -1 ) in fig.3.18e and 2D band (4 cm -1 ) in fig.3.18f is seen in the suspended graphene TEM sample after the plasma cleaning. Different mechanisms can explain this blue shift of both bands after the plasma cleaning.

Figure 4 . 1

 41 Figure 4.1 Gatan plasma cleaner for low-energy hydrogen plasma treatment of the samples.

Figure 4 .

 4 2 shows TEM images of freestanding graphene on the hole of TEM grids after the plasma exposure at different times. The TEM images were taken with an under-focused beam to track the tiny atomic defects by exaggerating the contrast of Fresnel fringes occurring at the edges of defects. The typical surface of pristine graphene after oxidative annealing is seen in fig.4.2A, which is partially covered by the PMMA residues as already discussed in Chapter 3. Exposing the sample to the hydrogen plasma environment for 1 min reduces the quantity of PMMA without any observable modification in the atomic structure of graphene (4.2B). Further extending the exposure time to 2 min leads to a cleaner surface, and interestingly the atomic structure of graphene remains unimpacted, as shown in fig.4.2C. However, when we further increase the exposure time by 10 sec, we start to suddenly observe the formation of carbon atomic vacancies (mono\multi atoms) in the graphene structure as shown in fig.4.2D.

Figure 4 .

 4 4 shows the Raman spectra acquired from the graphene samples. All Raman spectra show the signature peaks of graphene G and 2D. The pristine graphene (fig.4.4A) before plasma exposure shows sharp G and 2D peaks with a very small intensity of the D peak (related to defects), which confirms the good crystallinity of the sample. The sample exposed to the plasma for 2 min (fig.4.4B) surprisingly shows sharp D and D' defect peaks, slight broadening and decrease in the intensity of 2D peak compared to G peak intensity, and a combinational D + D' mode. This drastic increase in D peak intensity indicates the presence of defects. However, the HR-TEM of this sample (fig.4.3b) has confirmed that the graphene atomic structure is unaffected by plasma exposure. This means hydrogenation of the graphene surface activates a sharp D peak that is caused by the breaking of translational symmetry of C-C SP 2 bonds and forming C-H SP 3 bonds. As a matter of fact, the Raman spectrum measured after plasma exposure is almost perfectly identical to the one published by other authors who studied heavily hydrogenated graphene 226 .

Figure 4 . 5

 45 Figure 4.5 Schematic diagram of the vitrification process for cryo-TEM sample preparation.

Figure 4 . 6

 46 Figure 4.6 Experimental setup used for the vitrification of the T5 viral particles on the plasmamodified graphene TEM grids: (A) Vitrification of the sample by a Vitrobot mark-IV instrument from Thermo Fisher. The sample on the grid is kept at a controlled temperature of 7°C and 100% relative humidity in the chamber in our experiments before plunging frozen in liquid ethane. (B) A reference biological specimen, Bacteriophage-T5 viral particle, was used in this study. A negative stain TEM image and a 3D model of the T5, image adapted from ref.227 .

Figure 4 . 8 (

 48 I) shows the interaction of the water droplet with the different surfaces of graphene grids. Pristine graphene is inherently hydrophobic with a WCA of 84° as indicated in fig. 4.8 (I.A). The Hydrogenated sample in 4.8 (I.B) remains hydrophobic with almost similar WCA of 80°.

Figure 4 . 8 (

 48 I.C) indicates that defects (nanopores) in graphene effectively improve the wettability of graphene up to 58° of WCA. These results from WCA measurements are complementary and agree with the ice formation investigation on the samples with cryo-TEM.

Figure 4 . 8 I

 48 Figure 4.8 I Water contact angle measurement on the plasma-modified graphene TEM grids: (A) Pristine graphene is hydrophobic with a WCA of 84°. (B) Hydrogenated graphene surface remains hydrophobic with almost similar WCA of 80° and (3) nanopores in graphene significantly improve the wettability of the sample with a WCA of 58°.

Figure 4 . 8 (

 48 II) shows the contact angle measurements of graphene samples with the detergent solution (0.7 ul). Pristine graphene (A) shows a 56° contact angle with the detergent drop, whereas, the nanopore graphene surface (B) is super hydrophilic for the detergent solution.

Figure 4 . 8 I

 48 Figure 4.8 I Contact angle measurement on the graphene TEM grids with the detergent buffer solution (0.7 ul): (A) pristine graphene with a contact angle of 56°, (B) nanopore-integrated graphene shows super hydrophilic behaviour with the detergent.

Figure 4 .

 4 Figure 4.11 Investigation of the origin of the background effect arising in graphene samples: TEM images of graphene samples were taken at -2.5 um defocused condition to evaluate the background effect from the edge of PMMA contamination and nanopores edges.: Pristine graphene (A) and nanopores introduced graphene sample (B).

Figure 4 .

 4 13 shows cryo-TEM images of M5ht3 protein particles on a grid without graphene (fig. 4.13A) and a grid with graphene support (fig. 4.13B). A few protein particles are found at the edge of the freestanding ice over a hole in fig. 4.13A, as most of the particles are attracted toward the amorphous carbon layer on the TEM grid. This could have happened because freestanding ice forms in a manner where the ice at the center of the hole is thinner than the edge of the hole as shown in a schematic diagram (fig. 4.13C

Figure 5 .Figure 5 . 2

 552 Figure 5.2 DPC segmented detector system for measuring DPC signal by transmitted beam shift: 4 segments (a) 234 and 16 segments (b) 236 .

Figure 5 . 3

 53 Figure 5.3 2D pixelated electron detector to precisely measure the redistribution of electron intensity inside the CBED disk induced by the local atomic electric field: 1) e-intensity inside the CBED disk is located around (0, 0) position, 2) e-intensity redistributed due to the local atomic electric field. The length of scale bar is 10 mrad.

5. 4

 4 Experimental methodology 5.4.1 2D material working system: WSe2 on graphene monolayer support In this work, we have used MBE-grown WSe2 monolayers 244 for the 4D STEM-CoM experiments. The WSe2 samples were grown on cm-size mica substrates by our collaborators from Spintec, CEA. Figure 5.4 shows the MBE setup used for the sample growth (a) and the atomic force microscopy (AFM) image shows the nm-size WSe2 grains as-grown on the mica substrate (b).

Figure 5 . 4

 54 Figure 5.4 WSe2 domains grown on mica substrates by MBE: a) Experimental setup, b) nm-size WSe2 grains grown on the substrate shown by AFM characterization 244 .

Figure 5 . 5

 55 Figure 5.5 WSe2/ graphene/ TEM grid working system in this work: a) Schematic configuration, b) STEM-HAADF image of the WSe2 / graphene sample, inset shows smaller grains of WSe2 supported by free-standing graphene support.

Figure 5 . 6

 56 Figure 5.6 WSe2 TEM sample preparation: Delamination of WSe2 layer from the growth substrate via a water-assisted lift-off approach.

  Figure 5.7 shows HR STEM-HAADF images of the typical WSe2/graphene sample acquired at 80 keV. The sample surface shows additional bright contrast that arises from the accumulation of polymer residuals from each layer of graphene and WSe2 (fig.5.7a). The hexagon ring of WSe2 on graphene is clearly seen in fig.5.7b, where the atoms show slightly higher contrast (due to the higher atomic no.) corresponding to W atoms (Z=74), and lower contrast atoms are associated with the 2 Se atomic column (Z=34).

Figure 5 . 7

 57 Figure 5.7 STEM-HAADF images acquired at 80 keV of typical cleaned WSe2/graphene sample: a. Showing additional bright contrast on the surface arising from contamination due to the accumulation of polymer residuals from graphene (PMMA) and WSe2 (PS). b. Band-pass Fourier filtered STEM image of WSe2/ graphene. The hexagonal ring of WSe2 is indicated in the image, where higher intensity atoms correspond to W (higher Z) and lower intensity atoms are 2Se atoms.

Figure 5 .Figure 5 . 8

 558 Figure 5.8 shows HAADF images at 66 pA (a) and 12 pA (b) with 1 ms exposure time. We find that beam current 12 pA provides sufficient signals in the HAADF image to select a damagefree zone of interest for recording a 4D-STEM dataset. Therefore, we used a 12 pA current value for our further 4D STEM experiments.

Figure 5 . 9

 59 Figure 5.9 Methodology to obtain the atomic electric field and related quantities by 4D-STEM CoM measurement: Step 1, selection of interest of zone for the 4D STEM measurement. Step 2, Diffraction pattern acquired from each probe position. Step 3, virtual imaging by masking the CBED patterns. Step 4, measuring CoM inside every CBED pattern from each scanning probe position. The reference point of the CBED pattern is considered to be (0,0). Step 5, CoM is then used to calculate

5

 5 Influence of experimental microscopy parameters on 4D STEM-CoM 5.5.1 Dwell time: signal vs sample damage

Figure 5 .

 5 Figure 5.10 Dwell time: signal vs sample damage: Effect of dwell time on 4D STEM CoM results acquired from 100*100 scanning zone of WSe2 sample. Virtual HAADF images at different dwell times of 0.8 ms (a), 1.6 ms (b), 2.4 ms (c), and 3.2 ms (d). The arrows indicate line artifacts. Thecalculated electric field (e, f, g, h) and vector (I, j, k, l).Charge density (m, n, o, p) and potential (q, r, q, t) are calculated for different dwell times.

Figure 5 .

 5 Figure 5.11 shows the local atomic field and related quantities calculated with different pixel sizes data. The virtual HAADF images show line artifacts which are increasing with decreasing the px size (a,b and c). It is difficult to conclude by HAADF images that such artifacts are because of atom vibrations caused by scanning the atoms at smaller intervals with smaller pixel sizes or due to surface contamination. The electric field and the charge density maps also show similar artifacts. The potential maps are clearly indicating that decreasing the pixel size leads to atomic vibration or displacement which is caused by longer beam exposure to the atoms with a larger number of scanning in short intervals across atoms. The highest atomic vibration can be seen in the map obtained at the lowest px size (fig5.11 o). The inter-atomic distance between W and Se atoms is 1.9 Å. Figure5.12 demonstrates schematically scanning intervals between W and Se atoms for the pixel sizes used in the experiment. When the pixel size is 0.2 Å (A), The beam has almost 10 scanning points between W and Se atoms, which is enough to extract interatomic electric field information while not initiating the atomic vibration. Although, in reality, the beam size is in the Angstrom range, which is bigger than that shown in the schematic. This means in every scan both atoms are exposed to the beam. Smaller step size, like 0.15 Å provides 12 scanning points (B), and 0.1 Å gives 19 scanning points between W and Se atoms. Such higher numbers of scanning do not bring more precise information but promote atoms displacement by exposing the atoms many times to the beam. It is also important to note that even with optimal microscopy conditions, surface contamination can also cause sample instability by getting charged under the e-bam.

Figure 5 .

 5 Figure 5.11 Step size in real space: spatial resolution vs sample damage: Effect of decreasing step size on 4D STEM CoM results acquired from 100*100 scanning zone of WSe2 sample. Virtual HAADF images with different px sizes (a) 0.2 Å, (b) 0.15 Å, and (c) 0.11 Å. The arrows indicate line artifacts. The calculated electric field (d, e, f) and vector (g, h, i). Charge density (j, k, l) and potential (m, n, o) are calculated for reducing px time series. The potential map shows lowest px size promotes atom displacement due to longer beam exposure.

Figure 5 .

 5 Figure 5.12 Schematic representation of scanning intervals between W and Se atoms for each pixel size used in the experiment. When the pixel size is 0.2 Å (A), The beam has almost 10 scanning points between W and Se atoms. (B) 0.15 Å px size provides 12 scanning points, and 0.1 Å gives 19 scanning points between W and Se atoms. Such higher numbers of scanning in short intervals promote atoms displacement by exposing the atoms many times to the beam.

Figure 5 .

 5 Figure 5.13 Optimization of sample preparation to minimize the surface contamination: The difference in the level of surface contamination between sample 1 (a) prepared by layer-by-layer transfer and sample 2 (b) prepared by transferring the WSe2 directly grown on graphene. Sample 2 shows a comparatively clean surface.

Figure 5 .

 5 Figure 5.14 Diffraction patterns acquired at different CL; 73 mm (1), 91 mm (2), and 115 mm (3) on the 256*256 pixelated electron detector: The transmitted disks comprise 82 px, 90 px, and 120 px corresponding to the pixel size of 0.5 mrad/px, 0.4 mrad/px and 0.3 mrad/px, respectively.

Figure 5

 5 Figure 5.15 shows the local atomic field and related quantities calculated from the data acquired at different camera lengths. We do not find any significant difference in the values of the calculated electric field and related quantities. This attributes that CoM subpixel shifting is enough sensitive to measure. Taking advantage of this investigation, we decided to stay with smaller CL for further experiments to be able to reconstruct also virtual HAADF images by collecting high-angle scattered electrons on the detector from single datasets.

Figure 5 .

 5 Figure 5.15 Step size in reciprocal space: camera length vs CoM detection sensitivity: 4D STEM CoM results at different camera lengths, where the pixel size reciprocal space is 0.5 mrad/px, 0.4 mrad/px and 0.3 mrad/px for 73 mm, 91 mm, and 115mm, respectively. No significant change in the virtual HAADF image and calculated electric field and related quantities, in terms of the values or the signal-to-noise is observed.

Figure 5 .

 5 Figure 5.16 Data binning effect on 4D-STEM CoM results of WSe2: The influence of binning of the 4D STEM data set acquired from 100x100 probe positions on a 256x256 pixelated detector on the calculated electric properties, like electric field and electrostatic potential. This dataset was binned by factor of 2, 4, 8, 16 and 32 in the digital micrograph. The CBED maps correspond to the Se atomic column position as indicated in the HAADF image inset. The line profile of the projected potential shows no difference in the intensity of W and Se atoms after binning up to 4 px present in the CBED disk (Binned by 32).

Figure 5 .

 5 Figure 5.17 Data binning effect on 4D-STEM CoM results of graphene: A comparison among the binned data of electric field and electrostatic potential. This dataset was binned by factors of 2, 4, 8, 16, and 32 in the digital micrograph. There is no difference is seen in the signal of electrostatic potential collected after binning from the line profile.

Figure 5 .

 5 18 shows a reconstructed ADF image and calculated electric field and related information of graphene using 4D STEM-CoM data. The virtual ADF image (mask 40 mrad) shows a weak bright contrast of carbon atoms in fig. 5.18a. The calculated projected electric field [0001] magnitude and vector are shown in fig. 5.18b and c. Due to the weak signals acquired in the diffraction patterns of graphene and the small scale of the atomic electric field, these noisy maps are not interpretable. To have a qualitative insight into the electric field, we filtered the images with a low-band pass filtering of FFT in the Gatan digital micrograph. fig. 5.18f and g are filtered and zoomed-in electric field images from the zone marked in b and c.

Figure 5 .

 5 Figure 5.18 Atomic scale electric field and related quantities in graphene sample measured by 4D-STEM CoM: Virtual ADF image (a), projected electric field and vector (b, c), charge density map (d), and, projected potential map (e). The zoomed-in images f and g are filtered with bandpass filtering of FFT and came from the marked zone in b and c.

Figure 5 .

 5 19c shows a virtual HAADF image reconstructed from the 4D STEM data of the V-doped WSe2 sample. The image shows characteristics similar to the real HAADF image. Nevertheless, by using the same data we calculated the electric field and related quantities (fig.5.19 d,e, and f). The zone containing V dopant in the maps is highlighted with a rectangle. The vanadium dopant in the potential image shows visible with higher contrast. To precisely compare the difference between V signals obtained in the real HAADF and the potential map, we did a line profile on the V dopant (marked by an arrow) in both images as shown in figure5.20 A and B. The line profile confirms the signal of vanadium in the potential image shows a significantly higher contrast than that of the HAADF image (C).

Figure 5 .

 5 Figure 5.19 Application of 4D STEM-CoM measurements for lighter atom dopant visualization (Vanadium doped WSe2): a) Real HAADF image of V-doped WSe2. b) Zoomed-in image from the zone marked in a. c) virtual HAADF acquired from 4D STEM. d) projected E-field and e) vector. f) projected potential map.

Figure 5 .

 5 Figure 5.20 Comparison of signals from the V atom between the real HAADF and the potential map using line profile:The potential map shows a significantly higher signal of the V atom.
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Table 1 .1 Summary of different approaches to designing pores in graphene monolayers. Experimental methods Pore-size Specification Limitation Ref.

 1 

	Ion beam	<10 nm to 1	A higher pore	Smaller-scale	101 , 102
	(~keV Ga, He)	μm	distribution density	samples for local	
				application	
	Electron beam	3.5 nm	Size-controlled	Smaller-scale	103,104
	(80 keV-200	(200 keV)	pores	samples for local	
	keV)	2.9 Å-12.2 Å		application	
		(80 keV)			
	Ion bombardment	0.40 ± 0.24 nm	Scalable, high-	-	105
	(Ga ion)		density, and size-		
			controlled pores		
	Plasma etching	∼0.5-1 nm	Scalable, moderate	-	106-
			pore-density, size-		108
			controlled pores		
	UV-induced	0.4-10 nm	Large-scale	-	109,110
	oxidative etching		samples		

80 keV) below the knock-on threshold for carbon in graphene. The pore is opened until the nanopore reaches the desired size (E). (II) Simulated and experimental electron micrographs of a graphene nanopore during edge sputtering. Comparison of atomic models (A and E), simulated (B and F), and experimental (C and G) TEM images of a nanopore during growth from a single atomic defect. the average radius of each nanopore, 2.9 and 12.2 Å, and the corresponding number of atoms, 10 and 181, removed. All images are 70 × 70 Å 104 .

  

Chapter 2 Characterization of graphene and related 2D materials

  

	applications of this microscopy technique for visualizing lighter dopant atoms in 2D materials (vanadium-doped WSe2 layer) by using the electrostatic potential map as the visualization of 2 Characterization of graphene and related 2D materials
	lighter dopant atoms is difficult by the Z-contrast (HAADF) STEM images. This thesis work is 2.1 Raman spectroscopy for structural characterization
	an initiative to make the high-resolution 4D STEM-CoM technique accessible for 2D materials study in our LEMMA group at the platform of nano-characterization in CEA. 2.1.1 Principle of Raman spectroscopy
	Chapter 5: This part contributes to the development of a new microscopy technique, high-
	resolution four-dimensional scanning (S)TEM (4D STEM) to extract local atomic electric field
	and related information inside 2D materials. This STEM technique is based on differential
	phase contrast (DPC) that is traditionally used to visualize electric fields inside materials by
	using the concept of the field-induced rigid shift of the acquired diffraction patterns. Recently,
	the emergence of a new generation of 2D-pixelated electron detectors in STEM has opened up
	a new possibility of recording a full diffraction pattern in reciprocal space (kx, ky) from each
	scanning probe position in real space (x, y), yielding 4-dimensional information. Such
	measurement enables accessing the electron intensity redistribution due to the local atomic
	electric field inside each transmitted beam by using the Center-of-mass (CoM) method.
	Therefore, 4D STEM-CoM is efficient to provide material's physical properties with the sub-
	atomic resolution, for instance, electrostatic field, charge density, and electrostatic potential
	mapping around every single atom. Such local physical properties fluctuation associated with
	atomic defects in the material can be very helpful to determine and control the global property
	of materials. Nevertheless, this technique is under development and requires a better
	understanding and improvement from both sides of experiments and data interpretation. In this
	chapter, We aimed to explore and optimize the experimental challenges including sample
	preparation and important microscopy parameters that can directly influence the quantitative
	interpretation of the high-resolution 4D STEM-CoM images. At present, quantitative
	interpretation of 4D STEM-CoM images is not achievable and this is one of the biggest
	limitations for this technique to be used to extract accurate information on the local physical
	properties of materials. To conduct the high-resolution 4D STEM-CoM experiments, we used
	a 2D model system: WSe2 monolayer. Furthermore, we demonstrated one of the important

Table 2 .1: Calculated point resolution in TEM for different acceleration voltages and correlated e-wavelength 141 . Acceleration voltage (keV) Electron wavelength (nm) Point resolution (nm)

 2 

	1500	0.0006	0.084
	400	0.0016	0.171
	300	0.0020	0.196
	200	0.0025	0.235
	100	0.0037	0.315
	80	0.0042	0.345
	60	0.0049	0.387
	40	0.0060	0.454

Table 3 .1 Hall mobility and sheet resistance values measured from different graphene on SiO2 substrates before and after PMMA cleaning and microfiber tissue cleaning.

 3 

	Lvlgclgglnlgcplvlpl)xofç	Before	Before	After	After	Microfib	Microfib
	riàsif vxoçcvkcfkokgok	plasma	plasma	plasma	plasma	er on	er on
	bvvcv:b^cf:	mobilit	sheet	mobilit	sheet	plasma-	plasma-
		y	resistan	y	resistan	cleaned	cleaned
		(cm 2 /V	ce	(cm 2 /V	ce	mobility	sheet
		s)	(ohm/sq	s)	(ohm/sq	(cm 2 /Vs)	resistanc
			)		)		e
							(ohm/sq)
	1	1236	838	1128	1389	1158	2086
	2	1367	796	1281	980	1166	1483
	3	1368	732	1320	1134	1144	1565
	4	1226	636	1244	951		
	5	1037	703	1199	1031		

Table 4 .1 A quantitative overview of the density of particles obtained with and without graphene.

 4 

	Sample parameters	Without graphene	With graphene
	Concentration of protein particles	3mg/ml	1mg/ml
	in the solution		
	Application of specimen solution	7.5 µL	3.5µL
	Particle collection/image	50	400
	4.3.2 SPA and 3D structure reconstruction of M5ht3 -graphene support vs without
	graphene support		
	Figure		

Table 5 .1 Summary of DPC-STEM measurements carried out on 2D materials. DPC-STEM measurements Samples Study Quantitative analysis Year Ref
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	DPC-	WS2 monolayer	Defects	-	2012 240
	segmented		dynamics		
	DPC-16	Graphene	SW defects &	Does not match	2018 236
	segments	monolayer	nanopores	DFT values	
	4D STEM-	MOS2 monolayer	Adatoms	-	2019 241
	CoM		identification		
	4D STEM-	MoS2 & WSe2	In-situ line	Does not match	2019 160
	CoM	monolayer	defect	DFT values	
	DPC-segments MOS2 monolayer	Point defects	Not achieved 2021 242
	4D STEM-	MOS2 monolayer	Edge state	-	2022 243
	CoM				

Table 5 .2 Calibrated beam current values from detected e-counts / expected e-counts. Probe current (pA) Expected e-count Detected e-count Detected-e/ Expected-e
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	-	-	1.56	-
	-	-	3.70	-
	36	2.71	5.79	2.14
	56	4.22	8.90	2.11
	120	9.04	17.7	1.96

Table 5 .3 Study carried out in this work: microscopy parameters vs impact on the acquired 4D STEM-CoM results.
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	Number	Microscopy parameters	Expected influence on
			CoM
	1.	Beam exposure time (dwell time)	Signal-to-noise ratio vs
			sample damage
	2.		

Table 5 .4 Pixel size in real space and co-related magnification for 100x100 px scanning zone.
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	Pixel size (A/px)	Magnification
	0.2	3.6 Mx
	0.153	7.2 Mx
	0.1 1	10 Mx
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  Cette partie contribue au développement d'une nouvelle technique de microscopie, la microscopie électronique à balayage (S)TEM à haute résolution (4D STEM) pour extraire le champ électrique atomique local et les informations connexes à l'intérieur des matériaux 2D. Cette technique STEM est basée sur le contraste de phase différentiel (DPC) qui est traditionnellement utilisé pour visualiser les champs électriques à l'intérieur des matériaux en utilisant le concept de décalage rigide induit par le champ des figures de diffraction acquises. Récemment, l'émergence d'une nouvelle génération de détecteurs d'électrons à pixels 2D dans la technique STEM a ouvert une nouvelle possibilité d'enregistrer une figure de diffraction complète dans l'espace réciproque (kx, ky) à partir de chaque position de la sonde de balayage dans l'espace réel (x, y), ce qui permet d'obtenir des informations en 4 dimensions. Cette mesure permet d'accéder à la redistribution de l'intensité électronique due au champ électrique atomique local à l'intérieur de chaque faisceau transmis en utilisant la méthode du centre de masse (CoM). Par conséquent, la méthode 4D STEM-CoM est efficace pour fournir les propriétés physiques des matériaux avec une résolution subatomique, par exemple le champ électrostatique, la densité de charge et la cartographie du potentiel électrostatique autour de chaque atome. De telles fluctuations des propriétés physiques locales associées à des défauts atomiques dans le matériau peuvent être très utiles pour déterminer et contrôler les propriétés globales des matériaux. Néanmoins, cette technique est en cours de développement et nécessite une meilleure compréhension et une amélioration des expériences et de l'interprétation des données. Dans ce chapitre, je cherche à explorer et à optimiser les défis expérimentaux, y compris la préparation des échantillons et les paramètres microscopiques importants qui peuvent directement influencer l'interprétation quantitative des images STEM-CoM 4D à haute résolution. À l'heure actuelle, l'interprétation quantitative des images STEM-CoM 4D n'est pas réalisable, ce qui constitue l'une des principales limites à l'utilisation de cette technique pour extraire des informations précises sur les propriétés physiques locales des matériaux. Pour réaliser l'étude STEM-CoM 4D à haute résolution, nous avons utilisé un système modèle 2D : WSe2 monocouche. En outre, j'ai démontré l'une des applications importantes de cette technique pour visualiser les atomes dopants plus légers dans les matériaux 2D (couche WSe2 dopée au vanadium) en utilisant la carte du potentiel électrostatique, car la visualisation des atomes dopants plus légers est assez difficile dans les images STEM à contraste Z (HAADF). Ce travail de thèse est une initiative visant à rendre la technique STEM-CoM 4D haute résolution accessible à l'étude des matériaux 2D dans notre groupe LEMMA sur la plateforme de nanocaractérisation du CEA.
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A1. Single-particle cryo-electron microscopy

Cryo-electron microscopy (EM) is a type of TEM that allows observation of specimens at cryogenic temperatures. Since the last decade, cryo-EM has been widely used for the structural determination of a variety of biomolecules. The basic requirement of this technique is that a specimen must be embedded in a vitrified (amorphous) thin ice layer on a TEM grid as shown by a schematic diagram in figure A1. Cryo-EM comprises different branches, i.e. single particle analysis (SPA), which provides the study of isolated molecules suspended in random orientations in an ice layer. To do so, thousands of 2D images of specimen particles, having different orientations, are aligned together and combined to extract high-resolution structural information of the particle in various orientations. Ultimately, a 3D volume can be reconstructed from the structural information obtained. The advancement of detector technology makes it possible to obtain high-quality images of an object inside an ice layer and the high-level image processing algorithms help to produce a 3D structure of the object. This work was carried out at the Institute of Structural Biology (IBS), Glacious-Thermofisher cryo-TEM equipped with a new generation fast pixelated camera Gatan K2 direct electron detector. The process of data acquisition to produce 3D reconstruction is as follows:

A1.1 Sample screening and data collection for SPA

The screening of a cryo-EM sample to find out its suitability for data collection is often carried out by a basic and less automated TEM generally equipped with a basic CCD camera or CMOS devices. This TEM instrument is sufficient to judge whether the cryo-EM sample is good, in terms of vitrified ice formation, dispersion and density of specimen particles and uniformity of specimen, etc for further high-end data collection. This step is very important since each sample is different and needs optimization before choosing it for the data collection. We carried out this experiment with basic cryo-TEM equipment at 200 keV acceleration voltage.

The optimized cryo sample is then loaded onto an advanced TEM. We used a Glacious-Thermo fisher cryo-TEM equipped with a new generation fast pixelated camera Gatan K2 direct electron detector. The experiments were carried out at 200 keV. A user sets up data collection on the best TEM sample. Ideally, a few thousand images are captured over a time duration of a few (3-4) days to collect enough images for 3D reconstruction with atomic resolution. The entire process is automated and the user can monitor it remotely.

The thousands of collected images are further processed with advanced image processing software for SPA. Since the speed of direct electron detectors is very fast, we can record a movie with several sub-frames instead of a single image. In this work, the sub-frames were aligned and SPA was performed using CryoSparc software. These sub-frames are then aligned, and some blurred frames from stage or sample instability can be removed. The earlier frames have minimum beam-induced damage and will have higher-resolution information than the later ones. Further, the remaining images are analysed, and the user selects automatically or sub-automatically sub-regions of interest in the image.