SIMULATION OF THE ARGON CLUSTERS BOMBARDMENT OF A COPPER FILM ON GRAPHENE
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The bombardment with the cluster beam can be effective method of graphene cleaning. It is important here however to find the correct bombardment energy to avoid the damage of graphene membrane. Molecular dynamics (MD) simulation of plasma interaction on a graphite surface [1] has shown that the graphite surface absorbs the most part of hydrogen atoms when the energy of incident beam is 5 eV. At the same time almost all hydrogen atoms are reflected from the surface at the beam energy 15 eV. Vertical bombardment by 
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 clusters with kinetic energy 
[image: image2.wmf]k

E

< 30 eV executed in MD model [2] does not result in the break of graphene sheet during 100 runs. Graphene is broken at 
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 = 40 eV. 
The aim of the present work is to investigate stability of the thin copper film on graphene under 
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 clusters bombardment with kinetic energies 5, 10, 20 and 30 eV and incident angles of the cluster beam 90°, 75°, 60°, 45° and 0°. 
There is no graphene surface cleaning after vertical bombardment at energy 5–20 eV. Bombardment with the 10 and 20 eV energies gives significant damage of graphene edges up to knocking out carbon atoms. Copper film becomes looser and 
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 atoms form a column. The graphene sheet is partly cleaned of copper atoms after bombardment with energy 20 eV at incident angle 
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 = 75º.  Graphene is almost cleaned of 
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 atoms at angles 
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 = 45º and 
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 = 60º. In every case after finishing of inclined bombardment the graphene sheet is removed in parallel or perpendicular (down) direction in relation to its initial position. It allowed removing copper from graphene totally only after bombardment at 45º. In the case of bombardment by the method of the “nap of the earth” flight (incident angle 0°) a big amount of metal atoms is still on the graphene surface when the emitted cluster energy is 10 eV. But 
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Fig. 1. Configuration of a system “copper film on the graphene sheet” bombarded by 
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 cluster with energy 20 eV during final impacts cycle at the incident angle 
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 = 90°. Coordinates are in angstroms. 
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Fig. 2. (a) – horizontal 
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 and (b) – vertical 
[image: image15.wmf]z

D

 components of self-diffusion coefficient of 
[image: image16.wmf]Cu

 film for series of bombardments by 
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 clusters at different incident angles and kinetic energy 20 eV; 
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 is the cycles of 5 impacts each.  
the number of copper atoms is reduced at energy 20 eV (Fig.1).  
At any cluster incident angle the mobility of 
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 atoms in horizontal plane exceeds considerably (in order) the mobility of ones in vertical direction. After the first cycles of cluster impacts there are high values of 
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 components, especially at the incident angle 
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 = 60º (Fig. 2a). It seems reasonable because the copper film has not yet adapted to the bombardment. The more intensive fluctuations and significantly higher 
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 values testify continuous fast destruction of copper film during clusters impacts at incident angle 45º. Vertical components 
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 of copper film self-diffusion coefficient have mostly the same behavior as 
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 function (Fig. 2b). 

Stresses in 
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 plane of copper film at every bombardment have extensive fluctuations which become weaker during the last impact series. At all incident angles excluding 
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 = 90º the 
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 stresses are considerably higher than 
[image: image28.wmf]zx

s

 and 
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 ones. At 
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 = 90º and energy of 10 eV the 
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 stress components for metal film in horizontal plane have comparably low values during the whole run (Fig. 3a, 
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 is only shown). For the energy 20 eV at the initial target bombardment (
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 10) there are significant fluctuations of all stress components in horizontal plane. The 
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 component has the most intensive fluctuations. Such fluctuations at energy of bombardment clusters 20 and 30 eV are connected with impacts of 
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 atoms compressing the film and knocking out 
[image: image38.wmf]Cu

 atoms. The fluctuation size of 
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 value is further decreased because of metal film loosening in vertical direction.                          
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 Fig. 3. (a) 
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stress in 
[image: image42.wmf]xoy

 plane of metal film and (b) 
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 stresses distribution in the graphene sheet by the rows of 
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atoms along the “chair” direction for bombardment series by 
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 clusters at incident angle 
[image: image46.wmf]q

 = 90º. 
On the contrary, stress distribution in the graphene sheet does not almost depend on the direction of incident cluster beam. Cluster impacts are mainly weakened by the copper film. Stresses distribution in graphene between the rows in the “chair” direction at 
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 cluster bombardment with energies 10 and 20 eV at 
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 = 90º is shown in Figure 3b. Because of strong shot-interacting bonds in graphene there are no essential differences between stresses values of 
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 and 
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 for series of cluster bombardment with energies 10 and 20 eV. The 
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 and 
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 stresses are uniformly distributed in the plane of graphene sheet. For both energies the maximum 
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 stress in this area of graphene sheet exceeds by 4-7 times the maximum values of  
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 and 
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 stresses. It is connected with impulses transmitted to graphene from 
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 atoms which they get as a result of interactions with 
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 atoms. 
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Fig. 4. Roughness of the graphene surface at bombardment of “metal film on a graphene sheet” system by 
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 clusters at incident angle 
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 = 90º. 
The graphene roughness increases significantly by the end of bombardment. It does not depend on the incident angle and energy of 
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 clusters’ beam. Significant growth of roughness is limited by rigid bonds in graphene. Roughness 
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 of the graphene sheet rises nonmonotonically during bombardment (Fig.4). When the clusters energy is 10 eV the increase of 
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 is slow with low amplitudes. There are considerable fluctuations of 
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 function especially in the values range of 10 
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 25 when energies are 20 and 30 eV. The decrease of initial growth of roughness in the case of energy 20 eV is connected with the reduction of final 
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 value because of the smoothing effect. At the final bombardment step the 
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 cluster flies rather low over graphene surface and “polishes” it not meeting 
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 atoms. 
Instability of two-dimensional crystals with respect to the displacement of atoms in the third dimension is well known and experimentally expressed in a rippled graphene surface. Cluster bombardment of the target greatly enhances this instability and ultimately leads to the surface topography characterized by a large (relative to the value of 
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 of non bombarded graphene) roughness. To use such cleaning method it is important to protect graphene edges because they can be strongly damaged. If it is possible to execute accurate bombardment, the “nap of the earth” flight method is the most effective one here. The total cleaning can be obtained with emitted clusters energy 20 eV and higher. The graphene edges at such cleaning method are less damaged.
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