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Abstract

:

Two-dimensional (2D) materials have garnered increasing attention due to their unusual properties and significant potential applications in electronic devices. However, the performance of these devices is closely related to the atomic structure of the material, which can be influenced through manipulation and fabrication at the atomic scale. Transmission electron microscopes (TEMs) and scanning TEMs (STEMs) provide an attractive platform for investigating atomic fabrication due to their ability to trigger and monitor structural evolution at the atomic scale using electron beams. Furthermore, the accuracy and consistency of atomic fabrication can be enhanced with an automated approach. In this paper, we briefly introduce the effect of electron beam irradiation and then discuss the atomic structure evolution that it can induced. Subsequently, the use of electron beams for achieving desired structures and patterns in a controllable manner is reviewed. Finally, the challenges and opportunities of atomic fabrication on 2D materials inside an electron microscope are discussed.
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1. Introduction


Over the past few decades, significant progress has been made in the effort to scale existing fabrication technology to smaller feature dimensions. However, it is anticipated that fabrication capabilities are approaching their limits [1,2,3]. 2D-material semiconductors, such as transition metal dichalcogenides (TMDs), phosphorene, etc., have gained increasing interest as atomically thin channels that could facilitate continued transistor scaling [3]. Furthermore, some structures derived from 2D materials, such as graphene nanoribbons, exhibit significant advantages [4] and are promising candidates as the building blocks for next-generation electronic devices. However, the fabrication of atomically tailored structures from 2D materials remains an outstanding challenge.



Atomic fabrication is not a new concept, being first proposed by Feynman in 1959 [5] and then elaborated by Drexler in his book Engines of Creation [6]. Since the invention and implementation of the scanning probe microscope (SPM), a series of studies have been carried out in order to manipulate matter at the atomic level [7,8]. However, manipulation based on an SPM requires harsh conditions [9], such as ultra-low temperatures and atomically clean surfaces [10,11].



The transmission electron microscope (TEM) and scanning TEM (STEM, either as a dedicated microscope or as an operation mode integrated into a TEM) have attracted increasing attention because of their capability to both characterize a specimen with atomic resolution and drive material alterations at the atomic scale [12,13,14,15,16]. The focused electron beam in a TEM or STEM can be used to directly pattern the specimen based on the interaction between electrons and matter [17,18]. Furthermore, environmental stimuli can be introduced into a (S)TEM by modifications to the microscope or the development of dedicated specimen holders to achieve atomic fabrication under realistic conditions [9].



To date, many efforts have been made to fabricate nanostructures inside the (S)TEM manually. However, in some cases, the fabrication cannot meet a high precision, high efficiency, and high consistency. Automation methods, particularly based on machine learning, are expected to solve this issue. Sample information regarding the local structure (atom coordinates [19,20], image contour [21], defect structures [22,23], etc.) can be collected and analyzed in real time, providing the basis for a rapid adjustment of the fabrication strategy and controlling parameters that guide the fabrication process toward the desired structure.



In this paper, we concentrate on the atomic fabrication of 2D materials using electron beam irradiation inside a (S)TEM. Firstly, the effect of electron beam irradiation is briefly introduced, followed by a discussion on the control of electron beam irradiation damage. Subsequently, we discuss the various structural dynamics observed in 2D materials arising due to electron beam irradiation, as well as examples of the manipulations and fabrications of 2D structures made possible through these effects. Finally, we discuss the challenges for further developments in atomic fabrication using (S)TEMs.




2. Fundamental Mechanism of Electron Beam Irradiation


When the specimen is exposed to energetic electron bombardment, either elastic or inelastic collisions between electrons and the specimen can cause temporary or permanent changes in the structure and chemistry of the specimen. As shown in Figure 1, appropriate irradiation can promote the structural evolution of the specimen, which is a fundamental process for atomic fabrication. Fully understanding the effects and the influence mechanism of electron beam irradiation represents a significant step toward achieving the goal of atomic fabrication.



2.1. Elastic and Inelastic Scattering


Inelastic scattering represents the interaction of incoming electrons with the atomic electrons surrounding the nucleus, which gives rise to several effects, mainly including radiolysis, heating, and electrostatic charging [24]. Radiolysis is the ionization of atoms or breaking of chemical bonds, which is serious in insulators. Electron-beam-induced heating results from the energy transferred from incoming electrons to the atomic lattice, manifesting as an increase in sample temperature. This effect is usually negligible except for specimens with relatively low thermal conductivity. Electrostatic charging occurs primarily in electrically insulating specimens. These effects may increase the instability of the material, leading to structural changes and even mass loss [25].



Elastic scattering occurs when incident electrons collide with the atomic nucleus without losing energy. It can result in an atomic displacement within crystalline specimens and the sputtering of atoms from a specimen’s surface. A displacement occurs when the transferred energy from incoming electrons is large enough that the nucleus is knocked to an interstitial position, resulting in a degradation of the crystalline perfection.



Taking into account energy and momentum conservation, the energy transferred to the nucleus can be expressed as follows:


  E =   E   m a x     s i n   2   (    θ   2    ) ,  



(1)




where θ is the scattering angle, and Emax is the maximum transferred energy corresponding to a head-on collision with a scattering angle of 180°, which is a function of the incident-electron energy E0:


    E   m a x   =    2   E   0   (   E   0   + 2     m   e   c   2   )   M   c   2     ,   



(2)




where me is the mass of the electron, M is the mass of the nucleus, and c is the speed of light.



Atoms can be knocked away from the lattice site when E exceeds the displacement energy Ed (an intrinsic parameter of the material related to the bond strength, crystal lattice, and atomic weight of the constituent atoms) [26]. Correspondingly, atomic displacement only occurs when the energy of the incident electron is larger than the threshold energy Eth (the value of E0 in Equation (2) in the case of Emax = Ed).



Atoms are free to leave the specimen if high-angle elastic scattering occurs at the surface, which is known as sputtering [27].



Atomic sputtering primarily occurs on the beam-exit surface when the transferred energy is larger than the sputtering energy Es. Es is much lower than Ed in the bulk because surface atoms are always less tightly bound than bulk atoms. Es is often in the range of 1~2 Esub, while Ed is in the range of 4~5 Esub, where Esub is the sublimation energy [25,28]. Notably, some sputtered atoms remain adsorbed and weakly bound to the sample surface. These atoms tend to diffuse easily and provide a source for surface growth and reconstruction.




2.2. Damage Control


It is well known that electron beam irradiation damage is related to electron beam parameters, wherein the energy of the incident electron (accelerating voltage) and electron dose/dose rate are frequently used to control electron irradiation.



Both elastic and inelastic scattering effects are closely related to the incident electron energy. An optimum accelerating voltage should be chosen depending on the materials under study. For conductive 2D materials, such as graphene, electron irradiation damage is primarily driven by elastic scattering [29]. Consequently, an incident energy larger than Eth is favorable for subtractive fabrication with atom loss via displacement and sputtering [30,31,32], which increases with an increasing electron energy in the range of 1~2 Eth. Although the loss of atoms can be avoided when the incident energy is lower than Eth, the materials and structures can also be tailored via bond rotation, vacancy reconstruction, and chemical reaction [33]. For 2D semiconductors and insulators, inelastic scattering effects should be taken into account and even can be predominant, especially when the incident energy is below Eth. Generally, the damage caused by inelastic scattering increases with decreasing electron energy within limits. For example, the damage on 2D WS2 under a 30 keV electron beam is twice that under a 60 keV electron beam [33]. As a result, finding a voltage value that balances the effects of elastic and inelastic scattering is crucial for controlling radiation damage in 2D semiconductor materials.



On the other hand, the amount of radiation damage is generally proportional to the total electron dose. Therefore, dose rate (electron beam current density) and exposure time are the two aspects primarily used to control damage. For instance, beam current density increases as the electron beam is focused. A beam focused onto a spot smaller than 0.1 nm can reach a current density of 107 A/cm2 and be used for material sculpting. It should be noted that irradiation damage is only observed when the dose rate exceeds a critical value for certain materials; thus, a sufficient electron beam current density is essential for further fabrication.





3. Atomic Dynamics of 2D Materials Under Electron Beam Irradiation


The structural evolution of a specimen is the essence of atomic fabrication. Electron beam irradiation may cause atom loss, atom rearrangement, and even atom gain. Meanwhile, these events can be monitored and distinguished using the same electron microscope. Knowledge of the atomic arrangement and evolution allows for an examination and exploration of the factors that influence the dynamic changes brought on by the electron beam. Gaining insight into these effects is crucial for the controlled manipulation of 2D materials at the atomic scale.



3.1. Atomic Etching


Atomic etching, particularly at the edge or on the surface of a material, can result from either elastic or inelastic scattering and has been widely investigated in 2D materials using (S)TEMs [34,35,36]. Figure 2a presents a typical example of etching along the zigzag edge in monolayer MoS2 using a 60 keV electron beam [37]. The etching typically starts at a single point and propagates in both directions along the edge until the entire atomic row is removed. During the etching, the edge S atoms are preferentially ejected due to their higher sputtering cross-section, leading to bonding between rows of Mo atoms. The electron beam lacks sufficient energy to sputter Mo atoms but can activate edge migration, leaving Mo-terminated zigzag edges. A similar etching process has also been observed in graphene [38], h-BN [39], and some other layered materials [40,41].



Thermal effects have been demonstrated to influence electron beam etching [46,47,48]. As shown in Figure 2b, the etching rate of C atoms under 60 keV electron beams at elevated temperatures is slower than at room temperature (RT). Because the incident electron energy is below the displacement threshold, the rapid sputtering rate at low temperature is dominated by the chemical reaction between graphene and surface contaminations. As the temperature increases to above 600 °C, the contamination evaporates off and then the chemical etching diminishes dramatically [46,47,48]. Meanwhile, the annealing of structural defects with mobile carbon adatoms can further slow sputtering [49,50]. Therefore, etching at high temperature is slower. This observation challenges the conventional notion that a higher energy level is directly correlated with an increased etching rate, offering a deeper understanding of the irradiation process. It is noted that the edge terminations are also temperature-dependent. Below 400 °C, the etched edges of graphene mainly exhibit zigzag terminations; while above 600 °C, armchair and reconstructed zigzag edges are predominant due to higher thermodynamic stability [46,47,48]. Another example is that only N-terminated zigzag edges are frequently formed under 80 keV electron beam irradiation at low temperatures, while both N- and B-terminated zigzag edges become prominent at temperatures above 700 °C [51]. At low temperatures, surface residue can preferentially remove B atoms, leaving exclusively N-terminated edges. At high temperatures, the removal of residue from the specimen eliminates the asymmetry in the chemical reactivity of B and N. Therefore, B and N may be ejected with comparable probability, resulting in both N- and B-terminated edges.



Foreign atoms may also assist in etching. Taking graphene as an example, some metal atoms (such as Pt [42], Au [52], Sn [53], etc.) have been confirmed to assist in edge etching. As shown in Figure 2c, the Pt atom moves into a vacancy and the nearby C atoms are displaced due to the size mismatch between the Pt atom and vacancy. The Pt atom is less mobile and strains the edge, which reduces the knock-on threshold of local C atoms, thus promoting etching. In addition, some nonmetal atoms, such as Si [54], can also assist in the etching of graphene. Conversely, catalyst-assisted etching can also be tuned by electron irradiation and other external stimuli, representing a new paradigm to fabricate stable nanostructures with high precision.



Etching behaviors are also related to the material of the specimen. Because irradiation damage is element-dependent and structure-dependent, structural evolution and as-formed structures are distinct in different 2D systems. As shown in Figure 2d, the nanopores formed at RT are circular in graphene [43], hexagonal with Mo- and S-terminated zigzag edges in MoS2 [44,55], and triangular with N-terminated zigzag edges in h-BN [45]. For bilayer or few-layer 2D materials, the stacking sequence also affects etching behavior. For example, the shape of as-formed nanopores in AA′- and AB-stacked bilayer h-BN is distinct [45]. When AA’-stacked h-BN is irradiated by an electron beam, the triangular nanopores formed in different layers have opposite orientations and overlap to form a hexagonal pore. In the case of the AB-stacked bilayer, the triangular nanopores in different layers have the same orientations, and overlapped pores in the bilayer maintain a triangular shape.




3.2. Atomic Growth


The extraordinary performance of 2D materials is strongly dependent on the growth conditions, yet the growth mechanism is not fully understood. The use of an in situ TEM enables dynamical observation at the atomic scale and an investigation of the influencing factors on atomic growth.



The in situ growth of desired structures requires the introduction of appropriate precursors into the microscope. Residual hydrocarbon in the microscope chamber and adsorbed on the specimen can provide a carbon source for the growth of graphene [56,57]. Figure 3a presents an example of electron-beam-induced growth at the step-edge of a bilayer graphene substrate [58]. The electron beam plays a significant role in the growth, and thus, no growth is found in areas far from the scanned area. Such step-edge growth is only found in the second layer where another layer is necessary as the template for in-plane growth. However, the residue is usually slight, resulting in small-scale growth. The use of an environmental TEM, which continuously introduces precursor gas into the chamber, can effectively solve this issue. For instance, Liu et al. achieved larger-scale growth, both lateral epitaxial and vertical growth, under a CO2 atmosphere [59]. Significantly, such growth can be extended to other 2D materials [60].



Growth is also dependent on temperature. As shown in Figure 3a, in-plane graphene growth occurs only when the substrate graphene is heated to 500–700 °C, while the graphene is contaminated with amorphous carbon at RT [58]. Although the graphitization of amorphous carbon supported on flat sheets can be achieved under an electron beam, it is somewhat similar to high-temperature-induced crystallization [60]. Temperature-dependent transformation and growth are also observed in some other 2D materials [61]. Figure 3b presents the growth of MoS2 from a (NH4)2MoS4 precursor under 100 keV electron beam irradiation at various temperatures [61]. It has been found that MoS2 flakes grow larger, with more layers and clearer edge structures, as the thermolysis temperature increases. This can be attributed to the fact that high temperatures provide activation energy to atoms, making it easier to aggregate and rearrange them [61]. The growth of ordered nanograins at RT has also been found, which suggests that electron beams can provide additional energy for the formation of MoS2.



Substrates are essential for the growth of 2D structures. Börrnert et al. found that freestanding amorphous carbon preferentially converted into graphitic carbon onions, while amorphous carbon supported on flat 2D sheets transformed to a planar structure parallel to the substrate as a result of the van der Waals interaction between them [60]. Similarly, electron beams can trigger the crystallization of amorphous MoS2 (a-MoS2) on a graphene substrate, resulting in the formation of crystalline nanograins [64]. Furthermore, 2D substrates can provide a template for the epitaxial growth of novel structures. Figure 3c exhibits the in-plane growth of a ZnO monolayer from residual clusters or nanoparticles on a graphene substrate [60]. Zinc and oxygen atoms are observed to expand at the zigzag edge of the ZnO monolayer with a graphene-like structure. Interestingly, two dominant misorientation angles (0° and 30°) are associated with the epitaxial growth, and 0° becomes dominant as the ZnO grows [60]. In addition, the use of nanopores as growth templates is an extremely promising approach for the growth of freestanding (quasi) 2D metal/metal oxide membranes.



It is well known that catalysts play an important role in growth. Some metals, such as Fe, Cu, and Cr, are considered to be excellent catalysts in the growth of C materials [65]. Figure 3d presents the catalytic growth of a single Cr atom at the edge under 80 keV electron beam irradiation [64]. Compared with Fe, Cr is relatively stable and hence more efficient as a nucleation catalyst. The catalytic effects of Sn [53] have also been verified. Both growth and etching were observed when Sn atoms diffused along the graphene edges. These processes could be controlled by regulating the supply of C atoms.




3.3. Atomic Migration and Rearrangement


Point defects in 2D sheets, consisting of impurity atoms or vacancies, exhibit facile migrations under electron beam irradiation. Consequently, it becomes feasible to manipulate the motions of individual atoms or point defects and further fabricate complex structures [66].



Taking 2H-phase MoS2 as an example, S vacancies are easy to form and migrate in a monolayer under electron beam irradiation. Further aggregation of vacancies may result in the formation of line defects, which has also been observed in other 2H-phase TMD sheets [11]. Figure 4a exhibits the formation of a single vacancy line and a double vacancy line in monolayer MoS2, where the two lines of vacancies are at the neighboring sites and opposite sides in a staggered configuration [67]. The orientation of line defects is sensitive to mechanical strain, thus the direction can be controlled by the introduction of an external strain [67]. The migration of S vacancies is more complex in bilayer MoS2, and both in-plane migration and interlayer migration have been observed [68]. Meanwhile, the structural deformation introduced by single vacancy lines is obvious in the monolayer but negligible in the bilayer system because of the competition between the van der Waals interlayer force and compression in the deformed layer [68]. In addition, thermal annealing could promote the migration and reconstruction of the defects, resulting in the formation of ultralong defects or complex structures [69]. Typically, the linear vacancies formed in TMD sheets at RT are a few nanometers in length, while the linear vacancies at high temperatures are atomically uniform over tens of nanometers [70].



The behavior of vacancies in 1T-phase TMDs exhibits distinct characteristics. In the case of PtSe2, Se vacancies (Vse) have preferential sites with high beam-induced mobility and pair up into diverse divacancies rather than vacancy lines under 60 keV electron beam irradiation due to a higher probability of atomic loss compared to the diffusion required for creating vacancy lines [71]. Figure 4b shows the beam-induced movement of Vse in monolayer PtSe2 at 200 °C. The migration of VSe involves the filling in of the original vacancies by other Se atoms from a pristine lattice and creating another VSe simultaneously [71]. The motions of vacancies can also occur via bond rotations under electron beam irradiation [72,73,74].



The controlled migration of dopant atoms has also been successfully achieved in 2D materials [10,75]. Figure 4c exhibits the introduction of Si substitutional defects and defect clusters in graphene with the spatial control of a few nanometers using 100 keV electron beams and the controllable migration of individual Si atoms using a 60 keV electron beam [10]. The Si substitutional defects are further manipulated to form dimers, trimers, and more complex structures, which provide an enabling tool for atom-by-atom fabrication.



Meanwhile, the migration and rearrangement of some other foreign atoms triggered by electron beams have been observed in 2D sheets. Figure 4d shows the rotation of Al-N bonds in graphene driven by a 60 keV electron beam [33]. When a N atom is activated by the electron beam, it rotates over the Al atom while the Al atom fills the vacancy left by the N atom. Al and N atoms will return to their original positions under further irradiation, which means a non-destructive change is happening in this process.





4. Controllable Fabrication of 2D Materials Using Electron Beams


The fundamental goal of atomic fabrication is to manipulate atoms to obtain predefined structures with atomic precision. Inside the microscope, fabrication can be achieved by electron beam irradiation and, in some cases, through a combination with external stimuli. Point defects frequently appear in the primary period and gradually expand into complex structures or nanopores under electron beam irradiation. Furthermore, 1D and 2D structures can be achieved by moving electron beams along predefined paths.



4.1. 0D Structures


Point defects and nanopores are two common types of 0D structures. In recent decades, focused electron beams inside (S)TEMs have been employed to fabricate 0D structures with controllable shapes and sizes by adjusting the beam parameters. Figure 5a shows the spatial control of defect creation in graphene with variable complexity by adjusting the exposure time [76]. The divacancy (DV) with various configurations is created via atomic sputtering under 80 keV electron beam irradiation with a beam current density of 103 A/cm2. The isolated DVs can freely oscillate between three stable configurations via Stone–Wales rotations. Extending the exposure time will result in the joining of DVs and the formation of larger defect structures and nanopores. The creation and manipulation of point defects in some other 2D sheets have also been extensively studied [77]. For instance, point defects can be modified by bond rotations at high temperatures in W-based TMDs [77].



The formation of point defects can also be achieved by the introduction of dopant atoms into a specified location. Figure 5b shows the introduction of a single Si substitutional defect in graphene under electron beam irradiation [78]. The 100 keV electron beam is placed on the desired lattice site for 1~2 s, resulting in the formation of vacancies via atomic sputtering. Subsequently, the electron beam is moved to the Si/C source material for sputtering atoms into the graphene lattice, thus an individual vacancy is controllably passivated by Si substitutional atoms. Another impressive example is the precise doping of h-BN with C atoms [80].



Extending the exposure time may lead to the formation of nanopores. The pores sculpted by the focused electron beam usually exhibit an approximately circular shape with high symmetry in most instances but may evolve into a specific shape under mild parallel electron beam irradiation. The pore size may have a linear or exponential dependence on the dose when the electron energy is larger than the threshold energy [45]. Furthermore, both thermal treatment and electron beam irradiation can promote the migration of adatoms and the reconstruction of structural defects, which is expected to repair the as-sculpted nanopores [30,44]. Figure 5c shows the repair of nanopores in MoS2 sheets resulting in high-quality crystals with few defects under parallel electron beam irradiation with an energy of 300 keV and a beam current density of 10 A/cm2 [44]. The atoms are knocked away from the lattice by energetic electrons, thereby diffusing and rearranging at the edge of the nanopores to reduce the free surface energy. It should be noted that both the growth and repair of nanopores might happen, which is dependent on the beam current density [12].



Compared with vacancies and nanopores, the fabrication of nanowells is considered to be more challenging. Recently, Chen et al. employed an 80 keV focused electron beam to remove the atoms in one layer of bilayer WS2 at 800 °C and obtained various nanowells after ~40 s [79]. The schematic diagram and the image of nanowells are presented in Figure 5d. The authors also found that the formation of nanowells in the bilayer was different from the production of nanopores in the monolayer due to the van der Waals interactions between the adjacent layers.




4.2. 1D Structures Derived from 2D Sheets


Ultrathin 1D nanostructures, which may serve as interconnections for integrated circuits, have been fabricated using electron beams. Electron beam irradiation is an attractive approach for exploring material behavior at fundamental length scales, allowing the fabrication and examination of nanoribbons, wires, and atomic chains [81].



A common strategy for the creation of 1D nanostructures is shown in Figure 6a. Firstly, the electron beam is focused to drill two nanopores. One nanopore expands under electron beam bombardment, and the bridge between the adjacent nanopore shrinks. Sustained electron beam irradiation increases the length and shrinks the diameter of the 1D structure.



Figure 6b provides an example of the fabrication of nanowires in a MoS2 monolayer, which confirms the feasibility of the above strategy [82]. The nanopores sculpted in MoS2 sheets with a focused beam at a current density of 40 A/cm2 grow to larger sizes under continuous 80 keV electron beam irradiation. As the nanopores expand, the region between adjacent pores narrows and ultimately transforms to a robust nonstoichiometric nanowire. Since S is more easily sputtered than Mo, a large number of Mo atoms are left at the edge of the nanopore and finally transform to a Mo-rich 1D structure. Such a top-down fabrication can produce ultrathin ribbons [26,85,86] and even atomic chains [87,88]. For instance, single-carbon chains have been fabricated in graphene membranes under 80 keV electron beam irradiation [83]. Figure 6c displays the evolution from a subnanometer nanoribbon to single-atom chains in suspended graphene. Accompanied by the removal of carbon atoms, the reconstruction of the ribbon involves more pentagons and heptagons than hexagons, which finally transform into single-carbon atom chain bridges between graphene contacts. In addition, atomic chains can also be fabricated in some other 2D materials, such as BN [85] and black phosphorus (BP) [86]. Apart from the size of the nanostructure being significantly controlled, various structures at the edge of nanoribbons can be sculpted along specific crystal directions. Taking BP as an example, BP ribbons with armchairs and zigzag edges can be obtained by changing the moving trajectory of the focused electron beam, as shown in Figure 6d [84].




4.3. 2D Structures


An energetic electron beam can promote the diffusion, aggregation, and rearrangement of atoms, which may facilitate the formation of 2D structures in a controllable way.



Many efforts have been made to obtain unique (quasi) 2D structures. It has been demonstrated that nanopores in 2D sheets can serve as templates for the growth of suspended quasi-2D structures [89,90,91]. As shown in Figure 7a, Fe film is the first metal monolayer successfully produced in graphene nanopores [92]. Fe atoms mainly come from the FeCl3 residue used during the preparation of graphene, and an 80 keV electron beam is used to promote the movement and reconstruction of Fe atoms. It is found that the Fe film is robust and keeps stable for several minutes. In a similar manner, a single-atom-thick Cr membrane with antiferromagnetism is experimentally obtained by reducing CrO using an electron beam irradiation of 80 keV [92]. Furthermore, it is predicted that dozens of metals can form 2D counterparts [93].



In addition to metal membranes, monolayer metal oxides can also be created in nanopores. As shown in Figure 7a, a CuO film with a square lattice is formed in graphene pores [94]. Under 60 keV irradiation, copper-oxide clusters and individual Cu atoms undergo movement, arrangement, and crystallization around the nanopore edge. Another example is the fabrication of mono- and bilayer ZnO coordinated in a trigonal-planar configuration in graphene nanopores [91]. In general, such nanopore-based fabrication is carried out under parallel electron beam irradiation with relatively low beam energy.



However, the geometry and size of 2D counterparts embedded in nanopores are constrained. To diminish the influence of the template, a novel strategy was proposed for the fabrication of Mo membranes from monolayer MoSe2 using a STEM [95]. As shown in Figure 7b, 80 keV electron beams are used to sputter Se atoms selectively in MoSe2 and Mo membranes embedded in the MoSe2 monolayer with clear boundaries forming at the regions where Se vacancies accumulated. The as-created Mo films are remarkably stable, and such a top-down approach can be applied to fabricate other metal membranes.



Another example is the fabrication of a symmetrical Mo membrane from 2D α-molybdenum carbide (α-Mo2C) using 80 keV electron beam irradiation [96], as shown in Figure 7c. C atoms are expected to be sputtered first due to their significantly higher sputtering cross-section, leaving Mo atoms rearranged into Mo membranes. It is noted that the structure of Mo films is highly influenced by foreign adatoms.





5. Automated Processing in 2D Materials at the Atomic Level


Despite many efforts, atomic fabrication at times cannot meet its promise in efficiency and consistency [97]. To resolve the issue, automation has been introduced into the atomic fabrication workflow to improve the control of the electron beam. Meanwhile, deep learning methods can be applied to analyze the (S)TEM images to extract structural information effectively for the adjustment of fabrication strategies and parameters. The electron beam can be focused onto an atom-size probe in the STEM, which has the potential to manipulate individual atoms and trigger structural evolution at the atomic scale [98,99,100,101]. Thus, automatic control systems incorporating STEMs are being used to explore atomic fabrication.



Figure 8a is a schematic of an automatic system based on a STEM, which uses a field-programmable gate array (FPGA) to control the scan of an electron probe. Matlab codes provide input coordinates to the FPGA, and the electron beam in the STEM can move along a predefined path. Finally, output images are obtained by post-processing the signals from different detectors. As the maximum readout frequency is 2MHz, the FPGA system enables the microscope to scan with a high temporal resolution and produce images with an atomic-level resolution [102].



Given the complex manipulation and huge stream involved in automated processing, deep learning methods can be extended to electron beam manipulation and manufacturing feedback. Figure 8b presents a manipulation workflow based on a deep learning approach designed to fabricate single vacancy lines (SVLs) in MoS2 [103]. This system positions the electron beam to a specific coordinate after capturing a sample image. Only when the feedback results reach the setting threshold does the electron beam move to the next step. As shown in Figure 8c, target defects are placed as SVLs to form geometric patterns in MoS2. Based on the previous atomic identification and classification training, deep learning was used to identify the S2 site, and single sulfur atoms can be accurately removed at 60 kV voltage.



Another similar feedback-controlled system was reported by Boebinger et al. [104], using a focused electron beam with a sub-Å size to drill different patterns (circular, square, and triangular) in MoS2. The electron beam can scan along specific crystal directions. Finally, the nanopores obtained by triangular scanning in the zigzag sulfur-terminated direction are found to be the most stable, which is related to the lower values of the formation energy.
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Figure 8. Schematics of automated fabrication. (a) Automated fabrication system based on a STEM. Reprinted with permission from Ref. [102]. Copyright 2017, the author(s). (b) Framework for atomic processing based on deep learning. Reprinted with permission from Ref. [103]. Copyright 2022, American Chemical Society. (c) Patterns formed by placing a single vacancy line in a specific location. Scale bar: 1 nm. Reprinted with permission from Ref. [103]. Copyright 2022, American Chemical Society. (d) Assembly of patterned graphene and a MoS2 membrane.Reprinted with permission from Ref. [105]. Copyright 2022, American Chemical Society. 






Figure 8. Schematics of automated fabrication. (a) Automated fabrication system based on a STEM. Reprinted with permission from Ref. [102]. Copyright 2017, the author(s). (b) Framework for atomic processing based on deep learning. Reprinted with permission from Ref. [103]. Copyright 2022, American Chemical Society. (c) Patterns formed by placing a single vacancy line in a specific location. Scale bar: 1 nm. Reprinted with permission from Ref. [103]. Copyright 2022, American Chemical Society. (d) Assembly of patterned graphene and a MoS2 membrane.Reprinted with permission from Ref. [105]. Copyright 2022, American Chemical Society.



[image: Nanomaterials 14 01718 g008]





After nanopatterning 2D materials in a STEM, Haas et al. extended the atomic fabrication to 3D devices by combining a precise stacking operation. To obtain stacked structures, the Van der Waals force is employed to assemble monolayer 2D materials, such as graphene and BN [105]. This stacking structure can be characterized by the combination of patterns, as shown in Figure 8d, where the layer-by-layer assembly of graphene and MoS2 generates a group of concentric circles. This approach makes it possible to directly generate functional devices in 2D materials.



Currently, most automation in (S)TEMs mainly focuses on controlling the electron beam and its associated parameters, as well as using deep learning techniques to process the resulting images. However, there is still significant potential for advancing automation in other areas, such as specimen search, sample drift correction, and image capture. These aspects are also essential for achieving fully automated atomic manufacturing systems.




6. Conclusions and Outlook


The manipulation and fabrication of 2D materials is crucial for achieving superior properties and potential applications; (S)TEMs provide an available platform for atomic fabrication due to their capability to trigger and monitor structural evolution at the atomic scale using an electron beam. The incorporation of automated control systems may help to enable microscopes to tailor structures of materials with a high accuracy and consistency. This review summarizes the electron-beam-induced atomic dynamics and controllable fabrication of desired structures using an electron microscope. Despite the great progress already achieved, there are still many challenges and opportunities.



Firstly, atomic fabrication is still in its infancy, and the dynamics of atomic-scale evolution remain elusive. It is expected that structural evolution at the atomic scale is distinct from that at the microscale and macroscale; many phenomena are difficult to interpret and predict with traditional theory, introducing great uncertainty to the understanding of structural evolution and the development of new methods for atomic fabrication. Although in situ TEM studies have provided novel insights into the evolution dynamics, some important intermediate states and products during fabrication may be missed because conventional instruments are too slow to probe ultrafast structural dynamics. Therefore, time-resolved microscopy should be further developed to acquire images with atomic resolution as fast as possible. Moreover, the foundation for the development of fabrication can expand to various signals collected simultaneously with electron beam processing, which will provide more comprehensive information to confirm the fabrication process and promote accuracy.



Secondly, atomic fabrication is still in its exploratory phase, and fabrication output is usually small-scale. There is a long way to go before atomic fabrication achieves industrialization. Some techniques, such as automation, have been pivotal in scaling up fabrication and improving efficiency. In the future, the integration of database indexing, atomic modeling, artificial intelligence, and other advanced algorithms is expected to drive significant improvements in efficiency, thereby unlocking the potential for industrialization. Meanwhile, parallel processing approaches, such as multi-probe processing, are expected to be promising solutions for achieving scalability.



Lastly, most of the investigations of atomic fabrication are carried out only under electron beam irradiation using (S)TEMs, which is expected to extend to a combination with external fields. However, only a small fraction of atomic fabrication has undergone detailed mechanistic examination using advanced in situ (S)TEMs because the setup of real fabrication conditions inside a microscope is difficult. The introduction of external fields or environments by dedicated holders enables the microscope to dynamically observe the evolution dynamics and to further investigate the influence of the external fields and environments on the fabrication. It is noted that observed structural evolution actually stems from a combined effect of the applied fields and the electron beam irradiation. Decoupling these effects and confirming the influence of each stimulus requires further detailed study. On this foundation, (S)TEMs equipped with dedicated holders will play a significant role in the further investigation of atomic fabrication.







Author Contributions


Conceptualization, M.Z., M.N. and T.X.; writing—original draft preparation, M.Z. and T.X.; writing—review and editing, M.Z., W.Z., J.S., F.C., G.D., M.N., T.X. and L.S. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Key R&D Program of China (No. 2022YFB4400100), the National Natural Science Foundation of China (No. 61974021, 12234005, T2321002), the Key R&D Program of Jiangsu Province (BE2023009-4), and the Zhishan Scholar Program of Southeast University.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Moore, G.E. Cramming More Components onto Integrated Circuits. Proc. IEEE 1998, 86, 82–85. [Google Scholar] [CrossRef]

	



Vetter, J.S.; DeBenedictis, E.P.; Conte, T.M. Architectures for the Post-Moore Era. IEEE Micro 2017, 37, 6–8. [Google Scholar] [CrossRef]

	



Lemme, M.C.; Akinwande, D.; Huyghebaert, C.; Stampfer, C. 2D materials for future heterogeneous electronics. Nat. Commun. 2022, 13, 1392. [Google Scholar] [CrossRef] [PubMed]

	



Tian, C.; Miao, W.; Zhao, L.; Wang, J. Graphene nanoribbons: Current status and challenges as quasi-one-dimensional nanomaterials. Rev. Phys. 2023, 10, 100082. [Google Scholar] [CrossRef]

	



Feynman, R.P. Plenty of Room at the Bottom. In Proceedings of the APS Annual Meeting, Palo Alto, CA, USA, 25–29 August 1959; pp. 1–7. [Google Scholar]

	



Drexler, E. Engines of Creation: The Coming Era of Nanotechnology; Anchor: New York, NY, USA, 1987. [Google Scholar]

	



Eifert, A.; Mizaikoff, B.; Kranz, C. Advanced fabrication process for combined atomic force-scanning electrochemical microscopy (AFM-SECM) probes. Micron 2015, 68, 27–35. [Google Scholar] [CrossRef]

	



Eigler, D.M.; Schweizer, E.K. Positioning single atoms with a scanning tunnelling microscope. Nature 1990, 344, 524–526. [Google Scholar] [CrossRef]

	



Hafeez, H.; Xie, W.; Luo, X. Atomic and Close-to-Atomic Scale Manufacturing: Status and Challenges. In Proceedings of the 2023 28th International Conference on Automation and Computing (ICAC), Birmingham, UK, 30 August–1 September 2023; pp. 1–6. [Google Scholar]

	



Dyck, O.; Kim, S.; Jimenez-Izal, E.; Alexandrova, A.N.; Kalinin, S.V.; Jesse, S. Building Structures Atom by Atom via Electron Beam Manipulation. Small 2018, 14, e1801771. [Google Scholar] [CrossRef]

	



Zhao, X.; Loh, K.P.; Pennycook, S.J. Electron beam triggered single-atom dynamics in two-dimensional materials. J. Phys. Condens. Matter 2021, 33, 063001. [Google Scholar] [CrossRef]

	



Xu, T.; Xie, X.; Yin, K.; Sun, J.; He, L.; Sun, L. Controllable Atomic-Scale Sculpting and Deposition of Carbon Nanostructures on Graphene. Small 2014, 10, 1724–1728. [Google Scholar] [CrossRef]

	



Jesse, S.; Hudak, B.M.; Zarkadoula, E.; Song, J.; Maksov, A.; Fuentes-Cabrera, M.; Ganesh, P.; Kravchenko, I.; Snijders, P.C.; Lupini, A.R.; et al. Direct atomic fabrication and dopant positioning in Si using electron beams with active real-time image-based feedback. Nanotechnology 2018, 29, 255303. [Google Scholar] [CrossRef]

	



Clark, N.; Lewis, E.A.; Haigh, S.J.; Vijayaraghavan, A. Nanometre electron beam sculpting of suspended graphene and hexagonal boron nitride heterostructures. 2D Mater. 2019, 6, 025032. [Google Scholar] [CrossRef]

	



Dyck, O.; Yeom, S.; Dillender, S.; Lupini, A.R.; Yoon, M.; Jesse, S. The role of temperature on defect diffusion and nanoscale patterning in graphene. Carbon 2023, 201, 212–221. [Google Scholar] [CrossRef]

	



Dyck, O.; Yeom, S.; Lupini, A.R.; Swett, J.L.; Hensley, D.; Yoon, M.; Jesse, S. Top-Down Fabrication of Atomic Patterns in Twisted Bilayer Graphene. Adv. Mater. 2023, 35, 2302906. [Google Scholar] [CrossRef] [PubMed]

	



Dyck, O.; Lupini, A.R.; Jesse, S. Atom-by-Atom Direct Writing. Nano Lett. 2023, 23, 2339–2346. [Google Scholar] [CrossRef]

	



Zhang, W.; Zhang, Q.; Zhao, M.-Q.; Theil Kuhn, L. Direct writing on graphene ‘paper’ by manipulating electrons as ‘invisible ink’. Nanotechnology 2013, 24, 275301. [Google Scholar] [CrossRef]

	



Shen, M.; Li, G.; Wu, D.; Yaguchi, Y.; Haley, J.C.; Field, K.G.; Morgan, D. A deep learning based automatic defect analysis framework for In-situ TEM ion irradiations. Comput. Mater. Sci. 2021, 197, 110560. [Google Scholar] [CrossRef]

	



Sainju, R.; Chen, W.-Y.; Schaefer, S.; Yang, Q.; Ding, C.; Li, M.; Zhu, Y. DefectTrack: A deep learning-based multi-object tracking algorithm for quantitative defect analysis of in-situ TEM videos in real-time. Sci. Rep. 2022, 12, 15705. [Google Scholar] [CrossRef]

	



Hauwiller, M.R.; Zhang, X.; Liang, W.I.; Chiu, C.H.; Zhang, Q.; Zheng, W.; Ophus, C.; Chan, E.M.; Czarnik, C.; Pan, M.; et al. Dynamics of Nanoscale Dendrite Formation in Solution Growth Revealed Through in Situ Liquid Cell Electron Microscopy. Nano Lett. 2018, 18, 6427–6433. [Google Scholar] [CrossRef]

	



Dan, J.; Zhao, X.; Pennycook, S.J. A machine perspective of atomic defects in scanning transmission electron microscopy. InfoMat 2019, 1, 359–375. [Google Scholar] [CrossRef]

	



Cheng, Z.; Wang, C.; Wu, X.; Chu, J. Review in situ transmission electron microscope with machine learning. J. Semicond. 2022, 43, 081001. [Google Scholar] [CrossRef]

	



Williams, D.B.; Carter, C.B. Inelastic Scattering and Beam Damage. In Transmission Electron Microscopy: A Textbook for Materials Science; Williams, D.B., Carter, C.B., Eds.; Springer: Boston, MA, USA, 2009; pp. 53–71. [Google Scholar]

	



Egerton, R.F. Radiation damage to organic and inorganic specimens in the TEM. Micron 2019, 119, 72–87. [Google Scholar] [CrossRef]

	



Lin, J.; Zhang, Y.; Zhou, W.; Pantelides, S.T. Structural Flexibility and Alloying in Ultrathin Transition-Metal Chalcogenide Nanowires. ACS Nano 2016, 10, 2782–2790. [Google Scholar] [CrossRef] [PubMed]

	



Bradley, C.R. Calculations of Atomic Sputtering and Displacement Cross-Sections in Solid Elements by Electrons with Energies from Threshold to 1.5 MV; Argonne National Lab (ANL): Argonne, IL, USA, 1998. [Google Scholar]

	



Ross, F.M.; Minor, A.M. In Situ Transmission Electron Microscopy. In Springer Handbook of Microscopy; Hawkes, P.W., Spence, J.C.H., Eds.; Springer International Publishing: Cham, Switzerland, 2019; pp. 101–187. [Google Scholar]

	



Egerton, R.F. Control of radiation damage in the TEM. Ultramicroscopy 2013, 127, 100–108. [Google Scholar] [CrossRef] [PubMed]

	



Xu, T.; Yin, K.; Xie, X.; He, L.; Wang, B.; Sun, L. Size-Dependent Evolution of Graphene Nanopores Under Thermal Excitation. Small 2012, 8, 3422–3426. [Google Scholar] [CrossRef] [PubMed]

	



Lu, N.; Wang, J.; Floresca, H.C.; Kim, M.J. In situ studies on the shrinkage and expansion of graphene nanopores under electron beam irradiation at temperatures in the range of 400–1200 °C. Carbon 2012, 50, 2961–2965. [Google Scholar] [CrossRef]

	



Song, B.; Schneider, G.F.; Xu, Q.; Pandraud, G.; Dekker, C.; Zandbergen, H. Atomic-Scale Electron-Beam Sculpting of Near-Defect-Free Graphene Nanostructures. Nano Lett. 2011, 11, 2247–2250. [Google Scholar] [CrossRef]

	



Zagler, G.; Stecher, M.; Trentino, A.; Kraft, F.; Su, C.; Postl, A.; Langle, M.; Pesenhofer, C.; Mangler, C.; Ahlgren, E.H.; et al. Beam-driven Dynamics of Aluminium Dopants in Graphene. 2D Mater. 2022, 9, 035009. [Google Scholar] [CrossRef]

	



Zhou, W.; Zou, X.; Najmaei, S.; Liu, Z.; Shi, Y.; Kong, J.; Lou, J.; Ajayan, P.M.; Yakobson, B.I.; Idrobo, J.-C. Intrinsic Structural Defects in Monolayer Molybdenum Disulfide. Nano Lett. 2013, 13, 2615–2622. [Google Scholar] [CrossRef]

	



Komsa, H.-P.; Kotakoski, J.; Kurasch, S.; Lehtinen, O.; Kaiser, U.; Krasheninnikov, A.V. Two-Dimensional Transition Metal Dichalcogenides under Electron Irradiation: Defect Production and Doping. Phys. Rev. Lett. 2012, 109, 035503. [Google Scholar] [CrossRef]

	



Lin, J.; Pantelides, S.T.; Zhou, W. Vacancy-Induced Formation and Growth of Inversion Domains in Transition-Metal Dichalcogenide Monolayer. ACS Nano 2015, 9, 5189–5197. [Google Scholar] [CrossRef]

	



Chen, Q.; Li, H.; Xu, W.; Wang, S.; Sawada, H.; Allen, C.S.; Kirkland, A.I.; Grossman, J.C.; Warner, J.H. Atomically Flat Zigzag Edges in Monolayer MoS2 by Thermal Annealing. Nano Lett. 2017, 17, 5502–5507. [Google Scholar] [CrossRef] [PubMed]

	



Warner, J.H.; Rümmeli, M.H.; Ge, L.; Gemming, T.; Montanari, B.; Harrison, N.M.; Büchner, B.; Briggs, G.A.D. Structural transformations in graphene studied with high spatial and temporal resolution. Nat. Nanotechnol. 2009, 4, 500–504. [Google Scholar] [CrossRef] [PubMed]

	



Gilbert, S.M.; Dunn, G.; Azizi, A.; Pham, T.; Shevitski, B.; Dimitrov, E.; Liu, S.; Aloni, S.; Zettl, A. Fabrication of Subnanometer-Precision Nanopores in Hexagonal Boron Nitride. Sci. Rep. 2017, 7, 15096. [Google Scholar] [CrossRef] [PubMed]

	



Tseng, Y.-T.; Tai, K.-L.; Huang, C.-W.; Huang, C.-Y.; Wu, W.-W. Atomic-Scale Localized Thinning and Reconstruction of Two-Dimensional WS2 Layers through In Situ Transmission Electron Microscopy/Scanning Transmission Electron Microscopy. J. Phys. Chem. C 2020, 124, 14935–14940. [Google Scholar] [CrossRef]

	



Lee, Y.; Lee, S.; Yoon, J.Y.; Cheon, J.; Jeong, H.Y.; Kim, K. Fabrication and Imaging of Monolayer Phosphorene with Preferred Edge Configurations via Graphene-Assisted Layer-by-Layer Thinning. Nano Lett. 2020, 20, 559–566. [Google Scholar] [CrossRef]

	



Kano, E.; Hashimoto, A.; Takeguchi, M. Opposite effects of Cu and Pt atoms on graphene edges. Appl. Phys. Express 2017, 10, 025104. [Google Scholar] [CrossRef]

	



Russo, C.J.; Golovchenko, J.A. Atom-by-atom nucleation and growth of graphene nanopores. Proc. Natl. Acad. Sci. USA 2012, 109, 5953–5957. [Google Scholar] [CrossRef]

	



Shen, Y.; Xu, T.; Tan, X.; He, L.; Yin, K.; Wan, N.; Sun, L. In Situ Repair of 2D Chalcogenides under Electron Beam Irradiation. Adv. Mater. 2018, 30, 1705954. [Google Scholar] [CrossRef]

	



Xu, T.; Tu, Y.; Zhu, Y.; Shen, Y.; Yin, K.; Sun, L. Nucleation and growth of stacking-dependent nanopores in bilayer h-BN. Nanoscale 2022, 14, 17182–17187. [Google Scholar] [CrossRef]

	



Xu, Q.; Wu, M.-Y.; Schneider, G.F.; Houben, L.; Malladi, S.K.; Dekker, C.; Yucelen, E.; Dunin-Borkowski, R.E.; Zandbergen, H.W. Controllable Atomic Scale Patterning of Freestanding Monolayer Graphene at Elevated Temperature. ACS Nano 2013, 7, 1566–1572. [Google Scholar] [CrossRef]

	



Jia, K.; Su, Y.; Chen, Y.; Luo, J.; Yang, J.; Lv, P.; Zhang, Z.; Zhu, H.; Zhao, C.; Ye, T. Effects of defects and thermal treatment on the properties of graphene. Vacuum 2015, 116, 90–95. [Google Scholar] [CrossRef]

	



Sinha, S.; Warner, J.H. Recent Progress in Using Graphene as an Ultrathin Transparent Support for Transmission Electron Microscopy. Small Struct. 2021, 2, 2000049. [Google Scholar] [CrossRef]

	



Botari, T.; Paupitz, R.; Alves da Silva Autreto, P.; Galvao, D.S. Graphene healing mechanisms: A theoretical investigation. Carbon 2016, 99, 302–309. [Google Scholar] [CrossRef]

	



Chen, J.; Shi, T.; Cai, T.; Xu, T.; Sun, L.; Wu, X.; Yu, D. Self healing of defected graphene. Appl. Phys. Lett. 2013, 102, 103107. [Google Scholar] [CrossRef]

	



Pham, T.; Gibb, A.L.; Li, Z.; Gilbert, S.M.; Song, C.; Louie, S.G.; Zettl, A. Formation and Dynamics of Electron-Irradiation-Induced Defects in Hexagonal Boron Nitride at Elevated Temperatures. Nano Lett. 2016, 16, 7142–7147. [Google Scholar] [CrossRef] [PubMed]

	



Wang, H.; Li, K.; Cheng, Y.; Wang, Q.; Yao, Y.; Schwingenschlögl, U.; Zhang, X.; Yang, W. Interaction between single gold atom and the graphene edge: A study via aberration-corrected transmission electron microscopy. Nanoscale 2012, 4, 2920–2925. [Google Scholar] [CrossRef]

	



Yang, X.; Ta, H.Q.; Hu, H.; Liu, S.; Liu, Y.; Bachmatiuk, A.; Luo, J.; Liu, L.; Choi, J.-H.; Rummeli, M.H. On the Catalytic Activity of Sn Monomers and Dimers at Graphene Edges and the Synchronized Edge Dependence of Diffusing Atoms in Sn Dimers. Adv. Funct. Mater. 2021, 31, 2104340. [Google Scholar] [CrossRef]

	



Wang, W.L.; Santos, E.J.G.; Jiang, B.; Cubuk, E.D.; Ophus, C.; Centeno, A.; Pesquera, A.; Zurutuza, A.; Ciston, J.; Westervelt, R.; et al. Direct Observation of a Long-Lived Single-Atom Catalyst Chiseling Atomic Structures in Graphene. Nano Lett. 2014, 14, 450–455. [Google Scholar] [CrossRef]

	



Wang, S.; Li, H.; Sawada, H.; Allen, C.S.; Kirkland, A.I.; Grossman, J.C.; Warner, J.H. Atomic structure and formation mechanism of sub-nanometer pores in 2D monolayer MoS2. Nanoscale 2017, 9, 6417–6426. [Google Scholar] [CrossRef]

	



Florian, B. Irradiation effects in carbon nanostructures. Rep. Prog. Phys. 1999, 62, 1181. [Google Scholar] [CrossRef]

	



Urban, K.; Seeger, A. Radiation-induced diffusion of point-defects during low-temperature electron irradiation. Philos. Mag. A J. Theor. Exp. Appl. Phys. 1974, 30, 1395–1418. [Google Scholar] [CrossRef]

	



Liu, Z.; Lin, Y.C.; Lu, C.C.; Yeh, C.H.; Chiu, P.W.; Iijima, S.; Suenaga, K. In situ observation of step-edge in-plane growth of graphene in a STEM. Nat. Commun. 2014, 5, 4055. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Y.; Xu, L.; Zhang, L.; Dong, Z.; Wang, S.; Luo, L. Direct Visualization of Atomic-Scale Graphene Growth on Cu through Environmental Transmission Electron Microscopy. ACS Appl. Mater. Interfaces 2020, 12, 52201–52207. [Google Scholar] [CrossRef]

	



Börrnert, F.; Avdoshenko, S.M.; Bachmatiuk, A.; Ibrahim, I.; Büchner, B.; Cuniberti, G.; Rümmeli, M.H. Amorphous Carbon under 80 kV Electron Irradiation: A Means to Make or Break Graphene. Adv. Mater. 2012, 24, 5630–5635. [Google Scholar] [CrossRef] [PubMed]

	



Sang, X.; Li, X.; Puretzky, A.A.; Geohegan, D.B.; Xiao, K.; Unocic, R.R. Atomic Insight into Thermolysis-Driven Growth of 2D MoS2. Adv. Funct. Mater. 2019, 29, 1902149. [Google Scholar] [CrossRef]

	



Hong, H.-K.; Jo, J.; Hwang, D.; Lee, J.; Kim, N.Y.; Son, S.; Kim, J.H.; Jin, M.-J.; Jun, Y.C.; Erni, R.; et al. Atomic Scale Study on Growth and Heteroepitaxy of ZnO Monolayer on Graphene. Nano Lett. 2017, 17, 120–127. [Google Scholar] [CrossRef]

	



Ta, H.Q.; Zhao, L.; Yin, W.; Pohl, D.; Rellinghaus, B.; Gemming, T.; Trzebicka, B.; Palisaitis, J.; Jing, G.; Persson, P.O.Å.; et al. Single Cr atom catalytic growth of graphene. Nano Res. 2018, 11, 2405–2411. [Google Scholar] [CrossRef]

	



Bayer, B.C.; Kaindl, R.; Reza Ahmadpour Monazam, M.; Susi, T.; Kotakoski, J.; Gupta, T.; Eder, D.; Waldhauser, W.; Meyer, J.C. Atomic-Scale in Situ Observations of Crystallization and Restructuring Processes in Two-Dimensional MoS2 Films. ACS Nano 2018, 12, 8758–8769. [Google Scholar] [CrossRef]

	



Yang, X.; Liu, Y.; Ta, H.Q.; Rezvani, E.; Zhang, Y.; Zeng, M.; Fu, L.; Bachmatiuk, A.; Luo, J.; Liu, L.; et al. Single-atom catalytic growth of crystals using graphene as a case study. npj 2D Mater. Appl. 2021, 5, 91. [Google Scholar] [CrossRef]

	



Zhang, X.; Gao, L.; Yu, H.; Liao, Q.; Kang, Z.; Zhang, Z.; Zhang, Y. Single-Atom Vacancy Doping in Two-Dimensional Transition Metal Dichalcogenides. Acc. Mater. Res. 2021, 2, 655–668. [Google Scholar] [CrossRef]

	



Komsa, H.-P.; Kurasch, S.; Lehtinen, O.; Kaiser, U.; Krasheninnikov, A.V. From point to extended defects in two-dimensional MoS2: Evolution of atomic structure under electron irradiation. Phys. Rev. B 2013, 88, 035301. [Google Scholar] [CrossRef]

	



Zhou, S.; Wang, S.; Li, H.; Xu, W.; Gong, C.; Grossman, J.C.; Warner, J.H. Atomic Structure and Dynamics of Defects in 2D MoS2 Bilayers. ACS Omega 2017, 2, 3315–3324. [Google Scholar] [CrossRef] [PubMed]

	



Gong, C.; Robertson, A.W.; He, K.; Lee, G.-D.; Yoon, E.; Allen, C.S.; Kirkland, A.I.; Warner, J.H. Thermally Induced Dynamics of Dislocations in Graphene at Atomic Resolution. ACS Nano 2015, 9, 10066–10075. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Q.; Li, H.; Zhou, S.; Xu, W.; Chen, J.; Sawada, H.; Allen, C.S.; Kirkland, A.I.; Grossman, J.C.; Warner, J.H. Ultralong 1D Vacancy Channels for Rapid Atomic Migration during 2D Void Formation in Monolayer MoS2. ACS Nano 2018, 12, 7721–7730. [Google Scholar] [CrossRef] [PubMed]

	



Chen, J.; Zhou, J.; Xu, W.; Wen, Y.; Liu, Y.; Warner, J.H. Atomic-Level Dynamics of Point Vacancies and the Induced Stretched Defects in 2D Monolayer PtSe2. Nano Lett. 2022, 22, 3289–3297. [Google Scholar] [CrossRef]

	



Meyer, J.C.; Kisielowski, C.; Erni, R.; Rossell, M.D.; Crommie, M.F.; Zettl, A. Direct Imaging of Lattice Atoms and Topological Defects in Graphene Membranes. Nano Lett. 2008, 8, 3582–3586. [Google Scholar] [CrossRef]

	



Robertson, A.W.; Lee, G.-D.; He, K.; Yoon, E.; Kirkland, A.I.; Warner, J.H. Stability and Dynamics of the Tetravacancy in Graphene. Nano Lett. 2014, 14, 1634–1642. [Google Scholar] [CrossRef]

	



Kotakoski, J.; Meyer, J.C.; Kurasch, S.; Santos-Cottin, D.; Kaiser, U.; Krasheninnikov, A.V. Stone-Wales-type transformations in carbon nanostructures driven by electron irradiation. Phys. Rev. B 2011, 83, 245420. [Google Scholar] [CrossRef]

	



Tripathi, M.; Mittelberger, A.; Pike, N.A.; Mangler, C.; Meyer, J.C.; Verstraete, M.J.; Kotakoski, J.; Susi, T. Electron-Beam Manipulation of Silicon Dopants in Graphene. Nano Lett. 2018, 18, 5319–5323. [Google Scholar] [CrossRef]

	



Robertson, A.W.; Allen, C.S.; Wu, Y.A.; He, K.; Olivier, J.; Neethling, J.; Kirkland, A.I.; Warner, J.H. Spatial control of defect creation in graphene at the nanoscale. Nat. Commun. 2012, 3, 1144. [Google Scholar] [CrossRef]

	



Lin, Y.-C.; Björkman, T.; Komsa, H.-P.; Teng, P.-Y.; Yeh, C.-H.; Huang, F.-S.; Lin, K.-H.; Jadczak, J.; Huang, Y.-S.; Chiu, P.-W.; et al. Three-fold rotational defects in two-dimensional transition metal dichalcogenides. Nat. Commun. 2015, 6, 6736. [Google Scholar] [CrossRef] [PubMed]

	



Dyck, O.; Kim, S.; Kalinin, S.V.; Jesse, S. Placing single atoms in graphene with a scanning transmission electron microscope. Appl. Phys. Lett. 2017, 111, 113104. [Google Scholar] [CrossRef]

	



Chen, J.; Ryu, G.H.; Zhang, Q.; Wen, Y.; Tai, K.-L.; Lu, Y.; Warner, J.H. Spatially Controlled Fabrication and Mechanisms of Atomically Thin Nanowell Patterns in Bilayer WS2 Using in Situ High Temperature Electron Microscopy. ACS Nano 2019, 13, 14486–14499. [Google Scholar] [CrossRef] [PubMed]

	



Park, H.; Wen, Y.; Li, S.X.; Choi, W.; Lee, G.-D.; Strano, M.; Warner, J.H. Atomically Precise Control of Carbon Insertion into hBN Monolayer Point Vacancies using a Focused Electron Beam Guide. Small 2021, 17, 2100693. [Google Scholar] [CrossRef]

	



Xu, T.; Zhou, Y.; Tan, X.; Yin, K.; He, L.; Banhart, F.; Sun, L. Creating the Smallest BN Nanotube from Bilayer h-BN. Adv. Funct. Mater. 2017, 27, 1603897. [Google Scholar] [CrossRef]

	



Liu, X.; Xu, T.; Wu, X.; Zhang, Z.; Yu, J.; Qiu, H.; Hong, J.-H.; Jin, C.-H.; Li, J.-X.; Wang, X.-R.; et al. Top–down fabrication of sub-nanometre semiconducting nanoribbons derived from molybdenum disulfide sheets. Nat. Commun. 2013, 4, 1776. [Google Scholar] [CrossRef]

	



Chuvilin, A.; Meyer, J.C.; Algara-Siller, G.; Kaiser, U. From graphene constrictions to single carbon chains. New J. Phys. 2009, 11, 083019. [Google Scholar] [CrossRef]

	



Masih Das, P.; Danda, G.; Cupo, A.; Parkin, W.M.; Liang, L.; Kharche, N.; Ling, X.; Huang, S.; Dresselhaus, M.S.; Meunier, V.; et al. Controlled Sculpture of Black Phosphorus Nanoribbons. ACS Nano 2016, 10, 5687–5695. [Google Scholar] [CrossRef]

	



Cretu, O.; Komsa, H.-P.; Lehtinen, O.; Algara-Siller, G.; Kaiser, U.; Suenaga, K.; Krasheninnikov, A.V. Experimental Observation of Boron Nitride Chains. ACS Nano 2014, 8, 11950–11957. [Google Scholar] [CrossRef]

	



Xiao, Z.; Qiao, J.; Lu, W.; Ye, G.; Chen, X.; Zhang, Z.; Ji, W.; Li, J.; Jin, C. Deriving phosphorus atomic chains from few-layer black phosphorus. Nano Res. 2017, 10, 2519–2526. [Google Scholar] [CrossRef]

	



Jin, C.; Lan, H.; Peng, L.; Suenaga, K.; Iijima, S. Deriving Carbon Atomic Chains from Graphene. Phys. Rev. Lett. 2009, 102, 205501. [Google Scholar] [CrossRef] [PubMed]

	



Lin, Y.-C.; Morishita, S.; Koshino, M.; Yeh, C.-H.; Teng, P.-Y.; Chiu, P.-W.; Sawada, H.; Suenaga, K. Unexpected Huge Dimerization Ratio in One-Dimensional Carbon Atomic Chains. Nano Lett. 2017, 17, 494–500. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, J.; Deng, Q.; Bachmatiuk, A.; Sandeep, G.; Popov, A.; Eckert, J.; Rümmeli, M.H. Free-Standing Single-Atom-Thick Iron Membranes Suspended in Graphene Pores. Science 2014, 343, 1228–1232. [Google Scholar] [CrossRef] [PubMed]

	



Ta, H.Q.; Yang, Q.X.; Liu, S.; Bachmatiuk, A.; Mendes, R.G.; Gemming, T.; Liu, Y.; Liu, L.; Tokarska, K.; Patel, R.B.; et al. In Situ Formation of Free-Standing Single-Atom-Thick Antiferromagnetic Chromium Membranes. Nano Lett. 2020, 20, 4354–4361. [Google Scholar] [CrossRef]

	



Quang, H.T.; Bachmatiuk, A.; Dianat, A.; Ortmann, F.; Zhao, J.; Warner, J.H.; Eckert, J.; Cunniberti, G.; Rümmeli, M.H. In Situ Observations of Free-Standing Graphene-like Mono- and Bilayer ZnO Membranes. ACS Nano 2015, 9, 11408–11413. [Google Scholar] [CrossRef]

	



Ta, H.Q.; Mendes, R.G.; Liu, Y.; Yang, X.; Luo, J.; Bachmatiuk, A.; Gemming, T.; Zeng, M.; Fu, L.; Liu, L.; et al. In Situ Fabrication of Freestanding Single-Atom-Thick 2D Metal/Metallene and 2D Metal/Metallene Oxide Membranes: Recent Developments. Adv. Sci. 2021, 8, e2100619. [Google Scholar] [CrossRef]

	



Nevalaita, J.; Koskinen, P. Atlas for the properties of elemental two-dimensional metals. Phys. Rev. B 2018, 97, 035411. [Google Scholar] [CrossRef]

	



Yin, K.; Zhang, Y.-Y.; Zhou, Y.; Sun, L.; Chisholm, M.F.; Pantelides, S.T.; Zhou, W. Unsupported single-atom-thick copper oxide monolayers. 2D Mater. 2016, 4, 011001. [Google Scholar] [CrossRef]

	



Zhao, X.; Dan, J.; Chen, J.; Ding, Z.; Zhou, W.; Loh, K.P.; Pennycook, S.J. Atom-by-Atom Fabrication of Monolayer Molybdenum Membranes. Adv. Mater. 2018, 30, e1707281. [Google Scholar] [CrossRef]

	



Si, J.; Zeng, M.; Ta, H.Q.; Zheng, S.; Liao, J.; Yang, X.; Rummeli, M.H.; Fu, L. Adsorption-Free Growth of Ultra-Thin Molybdenum Membranes with a Low-Symmetry Rectangular Lattice Structure. Small 2020, 16, e2001325. [Google Scholar] [CrossRef]

	



Randall, J.N.; Owen, J.H.G.; Fuchs, E.; Lake, J.; Von Ehr, J.R.; Ballard, J.; Henriksen, E. Digital atomic scale fabrication an inverse Moore’s Law—A path to atomically precise manufacturing. Micro Nano Eng. 2018, 1, 1–14. [Google Scholar] [CrossRef]

	



Su, C.; Tripathi, M.; Yan, Q.-B.; Wang, Z.; Zhang, Z.; Hofer, C.; Wang, H.; Basile, L.; Su, G.; Dong, M.; et al. Engineering single-atom dynamics with electron irradiation. Sci. Adv. 2019, 5, eaav2252. [Google Scholar] [CrossRef] [PubMed]

	



Susi, T.; Meyer, J.C.; Kotakoski, J. Manipulating low-dimensional materials down to the level of single atoms with electron irradiation. Ultramicroscopy 2017, 180, 163–172. [Google Scholar] [CrossRef] [PubMed]

	



Susi, T.; Meyer, J.C.; Kotakoski, J. Quantifying transmission electron microscopy irradiation effects using two-dimensional materials. Nat. Rev. Phys. 2019, 1, 397–405. [Google Scholar] [CrossRef]

	



Susi, T.; Kepaptsoglou, D.; Lin, Y.-C.; Ramasse, Q.M.; Meyer, J.C.; Suenaga, K.; Kotakoski, J. Towards atomically precise manipulation of 2D nanostructures in the electron microscope. 2D Mater. 2017, 4, 042004. [Google Scholar] [CrossRef]

	



Sang, X.; Lupini, A.R.; Unocic, R.R.; Chi, M.; Borisevich, A.Y.; Kalinin, S.V.; Endeve, E.; Archibald, R.K.; Jesse, S. Dynamic scan control in STEM: Spiral scans. Adv. Struct. Chem. Imaging 2016, 2, 6. [Google Scholar] [CrossRef]

	



Roccapriore, K.M.; Boebinger, M.G.; Dyck, O.; Ghosh, A.; Unocic, R.R.; Kalinin, S.V.; Ziatdinov, M. Probing Electron Beam Induced Transformations on a Single-Defect Level via Automated Scanning Transmission Electron Microscopy. ACS Nano 2022, 16, 17116–17127. [Google Scholar] [CrossRef]

	



Boebinger, M.G.; Brea, C.; Ding, L.P.; Misra, S.; Olunloyo, O.; Yu, Y.; Xiao, K.; Lupini, A.R.; Ding, F.; Hu, G.; et al. The Atomic Drill Bit: Precision Controlled Atomic Fabrication of 2D Materials. Adv. Mater. 2023, 35, e2210116. [Google Scholar] [CrossRef]

	



Haas, J.; Ulrich, F.; Hofer, C.; Wang, X.; Braun, K.; Meyer, J.C. Aligned Stacking of Nanopatterned 2D Materials for High-Resolution 3D Device Fabrication. ACS Nano 2022, 16, 1836–1846. [Google Scholar] [CrossRef]








[image: Nanomaterials 14 01718 g001] 





Figure 1. Schematic illustration of atomic fabrication using an electron beam inside a (S)TEM. The interaction of electrons with the specimen can trigger the structural evolution of the specimen, which is the basis of atomic fabrication and can be controlled by the manual or automatic adjustment of electron beam parameters. 
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Figure 2. Atomic etching under electron beam irradiation. (a) TEM image sequence showing row-by-row etching along the zigzag edge in monolayer MoS2. Reprinted with permission from Ref. [37]. Copyright 2017, American Chemical Society. (b) Temperature-dependent etching. Reprinted with permission from Ref. [15]. Copyright 2015, American Chemical Society. (c) Pt atom-assisted etching. Scale bar: 0.5 nm. Reprinted with permission from Ref. [42]. Copyright 2017, The Japan Society of Applied Physics. (d) Structure-dependent etching. Reprinted with permission from Ref. [43]. Copyright 2012, PNAS. Reprinted with permission from Ref. [44]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim, Germany. Reprinted with permission from Ref. [45]. Copyright 2022, The Royal Society of Chemistry. 
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Figure 3. Atomic growth caused by electron beam irradiation. (a) In-plane growth of graphene at the edge. Scale bar: 0.5 nm. Reprinted with permission from Ref. [58]. Copyright 2014, Macmillan Publishers Limited. (b) Thermal-assisted formation of MoS2 flakes at RT, 300 °C, and 600 °C. Scale bar: 5 nm. The bottom is the growth of MoS2 from an amorphous precursor at RT. Scale bar: 2 nm. Reprinted with permission from Ref. [61]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Growth of ZnO on graphene. Scale bar: 1 nm. Reprinted with permission from Ref. [62]. Copyright 2017, American Chemical Society. (d) Cr atom-assisted growth of graphene. Scale bar: 1 nm. Reprinted with permission from Ref. [63]. Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature. 
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Figure 4. Atomic migration and rearrangement under electron beam irradiation. (a) Formation of line defects through the migration and aggregation of S vacancies in monolayer MoS2. Reprinted with permission from Ref. [67]. Copyright 2013, American Physical Society. (b) Migration of Se vacancies in monolayer PtSe2. Scale bar: 0.5 nm. Reprinted with permission from Ref. [71]. Copyright 2022, American Chemical Society. (c) Migration of Si atoms. Reprinted with permission from Ref. [10]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) STEM image sequence and atomic model demonstrating the rotation of the Al–C3N site. Reprinted with permission from Ref. [33]. Copyright 2022, the author(s). 
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Figure 5. 0D nanostructures. (a) Bar chart illustrating the relationship between exposure time and defect complexity. Scale bars: 0.5 nm. Reprinted with permission from Ref. [76]. Copyright 2012, Springer Nature Limited. (b) The introduction of a single Si substitutional defect.The region of interest is marked with a red circle. Reprinted with permission from Ref. [78]. Copyright 2017, AIP Publishing. (c) HRTEM images and atomic models showing the repair of MoS2 nanopores. Scale bar: 1 nm. Reprinted with permission from Ref. [44]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) The fabrication of nanowells in bilayer WS2. Reprinted with permission from Ref. [79]. Copyright 2019, American Chemical Society. 
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Figure 6. 1D nanostructures. (a) The common strategy for the fabrication of 1D structures by electron beam irradiation. (b) The formation of molybdenum sulfide ribbons between two adjacent holes. Irradiation-induced holes are highlighted by the arrows. Scale bar: 2 nm. Reprinted with permission from Ref. [82]. Copyright 2013, the author(s). (c) Carbon chains derived from monolayer graphene. Reprinted with permission from Ref. [83]. Copyright 2009, IOP Publishing Ltd. and Deutsche Physikalische Gesellschaft. (d) Black phosphorus nanoribbons with zigzag and armchair edges. Scale bar: 5 nm. Reprinted with permission from Ref. [84]. Copyright 2016, American Chemical Society. 
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Figure 7. 2D nanostructures formed under electron beam irradiation. (a) 2D membrane embedded in graphene holes. Reprinted with permission from Ref. [89]. Copyright 2014, American Association for the Advancement of Science. Reprinted with permission from Ref. [90]. Copyright 2020, American Chemical Society. Reprinted with permission from Ref. [94]. Copyright 2016, IOP Publishing Ltd. Reprinted with permission from Ref. [91]. Copyright 2015, American Chemical Society. (b) Mo membrane derived from a MoSe2 monolayer. Reprinted with permission from Ref. [95]. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) Ultrathin Mo membrane with a rectangular arrangement. Reprinted with permission from Ref. [96]. Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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