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Abstract

:

This paper analyzes graphene irradiation effects using a molecular dynamic simulation software, large-scale atomic / molecular massively parallel simulator (LAMMPS). We propose a hypothesis for the effective range of incident ions based on simulation results of irradiation effects that were found using a suspended single-layer graphene. This explains the influence mechanism of irradiation density on the degree of material defects. This paper does key research on how copper substrate influences a single- and bi-layer graphene. The results show that for a single-layer graphene (SLG) the substrate increases the effective range of the incident ions. Within a certain range of the irradiation density, the substrate enhances the defect production on graphene in low-energy irradiation (<5 keV). However, due to the shielding effect of the substrate, the overall trend of graphene damage will be reduced. For the bi-layer graphene (BLG), the effect of the indirect action range is more obvious than that of the direct-action range. In the case of low irradiation density, the knock-on atoms of BLG are much less than suspended SLG.
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1. Introduction


Graphene is a two-dimensional (2D) atomic crystal formed by a single layer of carbon atoms and arranged in a hexagonal honeycomb structure with sp2 hybrid orbitals [1]. The spacing between two carbon atoms connected by chemical bonds is about 1.42 Å. Graphene has great conductivity materials and low resistivity at room temperature—only 10−6 Ω·cm—which results from the special 2D structure [2]. Therefore, it is expected to have extremely broad application prospects in the electronics industry due to its low resistivity and high electron mobility [3]. However, the property of zero-bandgap semiconductors limits the utilization of graphene [2,4]. In order to maximize the practical value of graphene, precisely affecting electronic properties of materials through changing atomic structure is required. The introduction of defects in the crystal lattice can transform the semi-metal properties without a forbidden band and band-tunable semiconductor properties [5,6,7]. Based on different radiation sources, the command of the graphene surface state through irradiation ions could precisely adjust the atomic structure level, control the doping and defect generation of materials, and efficiently improve electrical properties, avoiding the disordered doping and sample contamination problem caused by chemical vapor deposition (CVD) [8,9,10,11,12].



As a technique for controlling the characteristics of graphene, ion irradiation has been studied for a long time. It is noteworthy that researchers have made progress in the study of irradiation effect of graphene, especially single-layer suspended graphene (SLG) [13,14,15,16,17,18]. Although special experimental phenomena observed in bi-layer graphene (BLG) were presented in previous papers [19,20], little literature is available on BLG. Moreover, researchers are now concerned with the effects of the energy of irradiated ions on graphene [15,16,17,18,19,20,21,22]. Therefore, the present work deals with the irradiation effect of both SLG and BLG from the perspective of irradiation density using the molecular dynamics (MD) simulation software large-scale atomic / molecular massively parallel simulator (LAMMPS). Herein, carbon atoms were selected as the irradiation source.




2. Materials and Methods


This work used a classical MD simulation to simulate the ion-solid interaction process. MD is a simulation method that used the computer to study the physical motion of atoms and molecules. It numerically solves a system’s Newton equation, as it contains interacting particles that determine the trajectories of atoms and molecules. Moreover, it is expressed in the study of carbon nanostructures [23,24,25]. The Adaptive Intermolecular Reactive Empirical Bond Order (AIREBO) potential function [26] is used to describe the carbon–carbon interaction in graphene. The Ziegler–Biersack–Littmark (ZBL) [27] potential function is used to describe the interaction between incident ions and graphene carbon atoms. The advantage of the ZBL potential function is that some dynamic processes that exist in the covalently bonded crystal structure in simulation are fully considered, such as the formation and breaking of chemical bonds. Meanwhile, the interaction between the graphene and the substrate is assumed to be van der Waals (vdW) type and is described by the Lennard–Jones (LJ) potential function [28,29]. The effect of irradiation particle density on damage is investigated by changing the distance between the incident ions.



A single-layer graphene includes 963 C atoms with an area of 5 nm × 5 nm. The ion incident area is an area within the radius of the graphene center point of 2.5 nm. The radiation dose of injection carbon ions is 25, arranged according to the matrix attribute of 5 × 5. They were launched all together with the same velocity at a normal incidence against graphene. The thickness of the copper substrate is 10 nm. Crystallographic orientation of the substrate is (111) and the specific atomic configuration of graphene is shown in Figure 1. Moreover, we apply periodic boundary conditions in two dimensions to treat the boundary of the system as a continuous edge. In the MD simulation, the Berendsen temperature control technique is employed at the four borders of graphene and copper substrate in the x- and y- directions. In addition, the simulation system adopts the microcanonical ensemble (NVE) during the entire simulation process. The number of particles, the volume of materials, and the total energy retention are constant in the system. During the simulation, the system first heats up to room temperature to 300 K. After it relaxes to 50 ps at this temperature, the incident ion is introduced into the cell. When the temperature of the system is less than 500 K and the structure of the system no longer changes significantly, the simulation ends. After the simulation, Visual Molecular Dynamics (VMD) software is utilized to visualize the results.




3. Results and Discussion


The results of the molecular dynamics simulation of irradiation effect usually present as the defects on the surface of graphene. The main defects include knock-on carbon atoms, single vacancy defects (SV), double vacancy defects (DV), and complex defects (including carbon chains) [30,31,32]. In this paper, the carbon atoms knocked out of graphene refer to the carbon atoms displaced more than 5 Å from their initial position after simulation. In the absence of sufficient displacement, it is possible for knock-on carbon atoms to reform sp2 hybridization with other carbon atoms near the surface of materials and the previously formed defects eventually disappear as the surface temperature gradually returns to room temperature.



3.1. Suspended Single-Layer Graphene


Firstly, the relationship between the irradiation defect and the irradiation density of graphene was studied. As Figure 2 shows, the number of knock-on atoms of suspended SLG varied with its respective incident ion distance. Comparing the irradiation effect of different ion energies, we can see that the larger the ion energy, the lesser the number of knock-on atoms. According to the simulation results of the suspension in reference [9,17,33], an increase of irradiation energy leads to an initial rise in the number of knock-on atoms, which is followed by a subsequent drop. The initial increment with ion energy can easily be understood and explained by the fact that low-energy ions simply cannot displace target atoms, while they later decrease at high energies, which is related to a drop in the cross section for defect production [9]. Based on the results of our previous work [33], the turning point is about 1 keV.



At the same irradiation intensity, with the increasing distance between incident ions, the trend of the number knock-on atoms is described as three stages: rising first, rapidly decreasing, and stabilizing. The hypothesis of an effective range of incident ions is proposed first in this paper to analyze the reason for this trend. It is assumed that each incident ion has an effective range that is divided into two parts, as shown in Figure 3. Within the shorter radius, r, a single incident ion with enough energy can knockout all carbon atoms in this range, which can be called the direct-action range. (R – r) represents an indirect action range that requires multiple incident ions to knockout carbon atoms. In consonance with this hypothesis, the relationship between the ion action range and the incident density displayed in Figure 4 can be classified into three stages. First, for a sufficiently large incident density, the direct-action range of each incident ion overlaps. Next, with the incident density decreasing the overlap area decreases, the sum of the direct-action range increases and the number of knock-on atoms increases as well. After the maximum direct range, the mutually overlapping R radius becomes smaller. The indirect action range decreases and the number of knock-on atoms rapidly decreases. Finally, when the action range of each ion no longer overlaps, the number of defects tends to be stable.



When the incident ion distance is greater than or equal to 2R, the direct-action range generates all knock-on atoms, and its number remains stable as the distance continues to increase. Thus, the value of R is equal to half of the distance when knock-on atoms trends to stabilize. The calculation results are presented in Table 1 and a broken line in Figure 2 indicates the position of (R + r). It can be observed that this position is where the number of knock-on atoms rapidly decreases from the maximum value, which is in accordance with the assumed result.



This hypothesis originates from two major sources. One is the theoretical model proposed in 2010 to explain the Raman spectrum after the irradiation of graphene [14]. The inner ring is called the structural damage zone, implying that the graphene lattice structure is completely destroyed. The outer ring, however, is called the activation region, which means that the lattice structure of graphene is affected. This is in agreement with Figure 3. The other is based on molecular dynamics. Knocked out atoms indicate that the external force for graphene atoms is greater than the magnitude of the carbon–carbon bond energy. According to the law of motion, the external force of the atom is correlated with the distance. The farther the distance between graphene atoms and incident particles, the lower the force exerted on atoms. This article arranges the relationship between the force and the distance into three stages as a simplified model: a single ion generating a sufficient force to knock an atom out of the surface, multiple ions acting on one atom out of the surface, and the distance from which atoms cannot be knocked out.



In order to further verify the hypothesis of effective range of incident ions, the results of graphene irradiation are simulated via drawing (Figure 5) with conditions of incident ion distance of 4.0 Å, irradiation energy of 4.41 keV, and an irradiation dose of 9. According to the calculation results in Table 1, the direct-action radius is 0.6 Å, and the indirect action radius is 1.8 Å, which is less than half of the ion distance (2 Å). Therefore, only the direct-action range is effective in irradiation. As shown in Figure 5, the number of graphene atoms covered by the direct-action range is equal to five, which is consistent with the results of computer simulation, further proving the rationality of the hypothesis.




3.2. Single-Layer Graphene on Copper Substrate


Next, the effect of the substrate on the irradiation of SLG is discussed. As shown in Figure 6, with the increasing incident ion spacing, the number of knock-on carbon atoms on the supported SLG shows a trend of initially increasing, then decreasing, and finally stabilizing, which is identical to the trend of the results when suspended. When the distance between the incident ions is short enough, the range of the direct effective interaction radius between the incident ions covers each other. Therefore, with the increase of the distance between the ions, the number of knock-on atoms seemingly goes up. However, due to the shielding effect [33] of the substrate, the number of knock-on atoms of graphene on the substrate is lower than that of the suspended SLG. The carbon atoms are not pulled out due to the influence of the substrate, nor do they collide with the substrate to lose kinetic energy. Meanwhile, the high temperature produced by the collision between ion beams and graphene promote these free carbon atoms sp2 hybridizing, thereby reducing damage production. Thence, the number of knock-on atoms decreases with the growing ion spacing until the range of indirect effective radius no longer overlaps. Different from the suspended SLG, the number of knock-on atoms does not decrease rapidly because of the complexity of the interaction between atoms. In this process, the number of knock-on atoms of graphene on the substrate is slightly higher than that of the suspended SLG. When the distance between the incident ions continues enlarge, the interaction range of each ion is no longer overlapped, and the number of sputtering atoms of graphene tends to be stable.



Some research on graphene carried out on the Cu substrate indicate that the influence of the substrate varies with irradiation energies in the process of graphene defects production. The presence of the substrate within a certain irradiation energy range could reduce the number of graphene defects. Irradiated ions also collide with the substrate Cu atoms after hitting the carbon atoms on the graphene surface, resulting in different defect changes. Comparing the two curves in Figure 6, it can be depicted that the Cu substrate increases both the direct and indirect action ranges of incident ion. In particular, the indirect range of action is distinguishingly obvious. Zhao et al. [17] pointed out that the presence of the substrate could greatly lower the damage probability of supported graphene in low-energy irradiations (<10 keV), but enhance the defects generated at higher irradiation energies (10 keV–500 keV). We find that even if the irradiation energy is kept constant, the irradiation density will produce different damage effects on the substrate. When the distance between irradiating ions is approximately 3–5 Å in low-energy irradiations (<10 keV), the substrate could enhance the defect production.




3.3. Bi-Layer Graphene on Copper Substrate


In the simulation, the number of knock-on atoms can describe the number of atoms sputtered away from the surface of graphene. The number of complex defects, referring to defects other than SV/DV, can describe the surface state of graphene and is sensitive to various irradiation conditions. Therefore, knock-on atoms and complex defects are combined to illuminate the process of double-layer suspended graphene defects, as Figure 7 shows. It can be seen from Figure 7a that the number of knock-on atoms decreases with the increase of ion distance from the beginning. Compared with SLG in Figure 6, there is no phase in which the number of knock-on atoms increases with the increase of ion distance. Thus, in BLG irradiation, the influence of indirect action distance is more obvious than direct-action distance. By comparison, radiation damage in BLG is less severe than in SLG; [19] has the same conclusion. Due to the shielding effect of lower graphene, the number of knock-on atoms decreases rapidly with the irradiation density. Even to the end, there is basically no impact atom. Simultaneously, it is found that the number of knock-on atoms in the upper layer was less than the lower layer.



Figure 7b shows that the number of complex defects initially increases, then decreases when the ion distance increases. According to the assumption of the effective range of the incident ions and the information of the (a) diagram, it can be divided into three stages. For short distances, the interaction ranges of incident ions overlap with each other, resulting in a relatively centralized damage to graphene. The radiation damage is mainly manifested by a large number of knock-on carbon atoms and less complex defects. As the distance increases, the total effective action range of ions is raised, which can cause a large defect area. However, the number of knock-on atoms would have been briskly reduced, so much so that thee numerous free atoms remaining near the surface of the graphene would generate a mass of complex defects after irradiation. It can be seen from Figure 7 that the number of knock-on atoms is small at the ion distance of 4.0 Å and the number of complex defects reaches the maximum. When the ion distance continues to increase, the number of knock-on atoms dose not vary and actually has decreased to 0. Meanwhile, the difficulty of merging into complex defects increases enables the number of complex defects to decrease. Finally, the number of complex defects fall off to 0 due to the excessively enormous distance between defects. Wu et al. [27] stated that when the ion energy is low (<40 keV), the ions are mainly absorbed by the upper graphene. Finally, by comparing the two layers of the BLG, the number of knock-on atoms of the upper graphene is almost twice that of the lower graphene, irrespective of the substrate’s presence or absence. However, the number of complex defects in the upper and lower graphene is almost the same. All of them are related to the shielding the effect of graphene in the lower layer on knock-on atoms in the upper layer.





4. Conclusions


Based on the correlation between damage generated and SLGs corresponding irradiation density, we propose a hypothesis for the effective range of incident ions, thereby interpreting the process of changes of direct and indirect action range under different irradiation densities. In the case of a SLG with a copper substrate, the effective action range of the incident ions increases. Although the number of knock-on atoms of the SLG is reduced due to the substrate’s shielding effect, the number of knock-on atoms of the suspended SLG under a certain irradiation density will be lower. As for the BLG, simulation results revealed that the underlying atoms have a shielding effect on the upper graphene, leading to an increase in the number of knock-on atoms and different degree defects of the two graphene layers. Combined with the statistical results of complex defects, the generation process of irradiation damage is explicitly clarified. Moreover, the simulation of irradiation density implies that the indirect action range has a greater influence on the suspended BLG. The damage to the suspended BLG can be neglected when the irradiation density is reduced to a certain extent.
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Figure 1. Atomic configuration of graphene: (a) single-layer graphene; (b) bi-layer graphene; (c) single-layer graphene on copper substrate; and (d) bi-layer graphene on copper substrate. 
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Figure 2. The relationship between defect and irradiation density of suspended single-layer suspended graphene (SLG) at irradiation energy of 0.87, 1.96, and 4.41 keV. The dashed lines indicate the position of (R + r), i.e. the position where the number of knock-on atoms rapidly decreases from the maximum value. 
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Figure 3. Schematic diagram of the effective range of incident ions. 
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Figure 4. The correlation between effective range and irradiation density. 
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Figure 5. Simulation of irradiation of graphene by drawing. The atoms in the red circle are the covered atoms. 
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Figure 6. The relationship between defect and irradiation density of suspended and supported SLG (irradiation energy of 4.41 keV; irradiation dose of 25). 
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Figure 7. The relationship between defect and irradiation density of suspended and supported bi-layer graphene (BLG) (irradiation energy of 4.41 keV; irradiation dose of 25): (a) number of knock-on atoms; (b) number of complex defects. 
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Table 1. Calculated value of r and R.






Table 1. Calculated value of r and R.





	Irradiation Energy/keV
	R/Å
	r/Å
	(R + r)/Å





	0.87
	3
	0.75
	3.75



	1.96
	2.4
	0.67
	3.07



	4.41
	1.8
	0.6
	2.4











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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