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Surface topography after single particle and cluster impacts on gold surfaces

Introduction

The development of the Finnis-Sinclair and embedded atom type empirical potentials in the 1980's [1], combined with ever increasing computational power, has led to an explosion in molecular dynamics (MD) simulations of radiation damage in metals and particle interactions with surfaces. These types of potential even today represent the state of the art in the description of the cohesion of metals for application in multi-million atom computer simulations. Energetic particle interactions with surfaces can cause particle ejection (sputtering) and although sputtering from surfaces was first observed by Grove in 1852 [2], it was not until the 1960's that useful models of the process were first developed.

The earliest theoretical investigations of sputtering, the Thompson and Sigmund models [3,4] were based on transport theory. Later atomistic sputtering was also investigated extensively using the binary collision (BC) models, especially the programme TRIM, developed by Biersack and Ziegler [5]. It was the pioneering work of Don Harrison in the 1960's and early 1970's that instigated the first molecular dynamics (MD) investigations of sputtering [6,7]. Since that time atomistic models of sputtering are now nearly always based on the MD approach and indeed computing sputtering data today by MD can be done in about the same time as the BC algorithms 25 years ago. One of the reasons why sputtering is amenable to MD simulation is that for metals, the particle ejection events occur early on in a collision cascade (first few picoseconds) especially for low energy (< 2 keV) single particle impacts and for these impacts the ejected particles originate in the first few layers of the target, although for cluster impacts, organic materials and higher energies, this is not always the case. The fact that most of the ejected particles 

originate in the top few layers of the surface, meant that early low energy simulations could be carried out without the need to store large numbers of atoms in an extended crystal or to integrate the equations of motions for excessively long times.

The earliest MD studies of sputtering were performed using pair potentials but it was later shown that better agreement with experiment could be obtained by using an electron energy embedding term. For example, in examining the particle ejection from Rh(1 1 1) by MD, it was shown that the peak in the kinetic energy distribution of the sputtered particles occurred at a higher energy than predicted by the Sigmund and Thompson models [8] (these predict a peak at half the cohesive energy of the solid), in agreement with experiment.

Other useful early results included the prediction of the Wehner spot patterns [9] (angular distribution of ejected particles) and the fact that single particle low energy impacts could produce craters on a metal surface [10]. As the impact energy of the bombarding particles increases, the distribution of atoms ejected per single impact becomes non-uniform with a large number of impacts producing no ejected particles due to channelling and a few impacts, 'mega-events', giving large ejection yields [10,11]. In this case the average sputtering yield, which is what would be measured experimentally, is the similar to that of the more uniform distribution at the lower energy because a large number of impacting particles are channelled and deposit their energy deeper in the crystal. The measured sputter yield may thus change only a little as a function of energy but this is not true of the surface topography of the bombarded surfaces. The same megaevents do not occur when sputtering covalent materials such as Si or C [12][13][14].

One of the issues that has been more difficult to investigate using MD is that of the development of surface topography during sputtering. First order continuum models of topography development are based on a non-linear wave formalism [15,16]. This was successful in explaining how cones, pyramids and pits could be formed on surfaces when some initial asperity or impurity was present but could not explain the development of topography on perfect pure crystals which had been observed experimentally. Second order effects such as surface diffusion were later invoked to explain this but the large variety of ripples, and other features that can arise when surfaces are subjected to large fluence beams has yet to be explained in its entirity. Work by Whitton and Carter in the 1980's [17] showed that pyramids and etch pits with distinct facets could form on a high index crystal surface (3 11 1) of pure Cu after a large dose ≈ 1 × 10 19 of 40 keV Ar ions. cm -2 but not on a low index surface (0 1 0).

Here the issue of surface topographical development after particle bombardment is investigated by MD simulations. To perform the investigation a gold target is chosen because gold has been shown to have a high sputtering yield [18]. We use gold projectiles to model the bombardment process as this maximises the energy transfer in binary collisions. Impacts on the (0 1 0) and (3 11 0) surfaces are investigated. We also report on the effect of cluster bombardment and contrast the resulting surface topography obtained in the two cases.

Methodology

Although the Finnis-Sinclair/embedded atom empirical potentials model the near equilibrium properties quite well, they describe the collisions between atomic nuclei less well. It is usual to describe these close interactions by screened Coulomb potentials of which the Ziegler-Biersack-Littmaack (ZBL) [START_REF] Ziegler | The stopping and Range of Ions in Solids[END_REF] form is the one in most common use. This is primarily because it is that which is used in the binary collision code TRIM which has become somewhat of a standard for modelling ion implantation profiles. As a result we have modified the repulsive pair part of the Ackland et al Au [START_REF] Ackland | [END_REF] potential by joining to the ZBL potential at points r a and r b with a function of the form exp

(A 0 + A 1 r + A 2 r 2 + A 2 r 3 + A 3 r 4 + A 5 r 6 )
where the constants A i , i = 0..5 are chosen to make the function and its first and second derivatives continuous at the splining points r a and r b . These parameters are given in table 1.

For the single impact simulations, the size of the crystals used in the investigation were approximately 10 nm cubes containing 62500 and 67650 for the (0 1 0) and (3 11 0) surfaces respectively. Twenty successive impacts of Au atoms incident normally at an energy of 5 keV were considered. This is equivalent to a dose of about 2 × 10 17 Au ions. cm -2 so somewhat less than the experiments performed by Whitton. Periodic boundary conditions were imposed in the x and z directions. The y direction was taken as the surface normal, in which direction the impacting particle was set off. The bottom layer of atoms was held fixed to prevent the momentum transfer to the crystal causing it to move. For each impact the simulations were run for 15 ps before damped MD was implemented for a further 5 ps to remove excess energy from the crystal before the next impact. The impact points on the crystal surface were chosen semi-randomly in a way that prevented point clustering. All simulations were initially conducted with the substrate at 0 • K. The fluence rates are therefore much faster than would occur in a typical experiment by several orders of magnitude and could result in insufficient relaxation between impacts. In the case of growth rather than erosion, deposition patterns can be affected by too fast a deposition rate [21] so the presented results must be treated with some caution in a direct experimental comparison.

Three separate cluster impacts were investigated. The target size for these impacts was chosen to be approximately 35 nm × 13 nm × 35 nm containing nearly 1 million atoms. Clusters containing 2500 and 1000 atoms were impacted on the (0 1 0) surface with an energy per atom of 100 eV. This value is chosen because it gives an impact speed of around 10 km s -1 which is at the lower end of speeds estimated for meteorite impacts on the earth. The 1000 atom cluster deposits in one shot about the same amount of energy into the lattice as the 20 successive individual impacts at 5 keV. The geometry of the 2500 atom cluster was optimised using a genetic algorithm [22]. It is approximately spherical with some partially facetted surfaces. The 1000 atom cluster was chosen to have an approximate cubic form which was locally optimised so that the corners of the cube were rounded. The reason for the different choice of cluster shape is to investigate the effect of geometry on the impact process and the resulting topography. In addition to the impacts on the (0 1 0) surface a 1000 atom cluster was projected towards the (3 11 0) surface to investigate the effect of crystal structure on the resulting topography.

Results

Single Impact Simulations

Fig. 1 shows a typical high yield sputtering event due to a single Au atom impact at 5 keV on Au (3 11 0) with the formation of a small crater. It has been known since the 1980's that single atom impacts at these energies on metal surfaces can cause craters [10,11]. Because of the high sputtering yield of gold when subjected to bombardment by gold particles there are more of these events than for the Ar bombardment of Cu case of the earlier investigations. For the (3 11 0) surface the average sputtering yield averaged over the 20 separate impacts is 32 compared to 27 for the (0 1 0) surface. The error on these numbers is around 15% so it would be improper to draw too many conclusions from the figures but there is a hint that there is somewhat more channelling of the bombarding atom in the low index surface case. The surface topography arising from a single atom impact is shown in Fig. 1. This illustrates the main features of a single sputtering event on a metal surface. First, energetic particles arising as a result of high energy collisions are ejected. These are mainly in the form of single atoms and dimers. Larger Au clusters are ejected for a few picoseconds after impact. These can break up in the vacuum due to their internal energy which is usually corresponding to a temperature above the melting point of the solid. Such emitted clusters have never been observed in the simulation to recombine after ejection because their internal energy is high [23]. After all particles have been ejected, the energy of atoms in the system has dropped sufficiently that atoms move only rarely over picosecond timescales. The resulting topography changes little after the relaxation process (compare Figs. 1c and(d).

The results from the 20 successive impacts on the two surfaces are shown in Figs. 2 and3. In Fig. 2 the co-operative effect of the successive impacts can be clearly seen. Holes formed by individual impacts have coalesced to form larger craters. Fig. 2c shows that the pits have distinct facets on their sidewalls. The material ejected onto the surface from the impacts is also facetted with the formation of planes with the (0 1 0) orientation as shown by the black lines in Fig. 2d. The (0 1 0), rather than the lower energy (1 1 1), orientation of the facets arises as a result of the closeness of (0 1 0) plane to the original surface orientation. In contrast the topography that forms on the (0 1 0) surface has flat-bottomed craters with steep sidewalls. The material ejected onto the surface has also flatter topped structures than that seen in Fig. 2. The pits in Figs. 2 and 3 also have slightly different forms. For the (0 1 0) surface, shown in Fig. 3, the pits have steep sidewalls. The walls of the pits, have normals parallel to the major crystallographic axes as well as in the <1 0 1>-type directions. This is also the case for the 3 11 0 surface. The side walls of the pits are clearly seen in Fig. 2c to be (1 0 1)-type planes. Such low index planes are more stable than the (3 11 0) surface which is unstable to erosion. The most stable plane is the close-packed (1 1 1) surface and such facets occur during cluster impacts as will be demonstrated later. In the case of the energetic collision cascades initiated by one arriving atom, the adatoms thrown up onto the surface arrange themselves instead into a more stable plane close to the original surface orientation. In the case of cluster impact and nanoindentation, a concerted motion of a larger number atoms set in motion by the indenter allows the more angular but more stable (1 1 1) facets to form Although more impacts should ideally be considered and larger surfaces, the tentative hypothesis is that the flatter structures that form on the (0 1 0) surface would likely lead to a topography whose mean roughness could stabilise as the particle fluence increases. On the other hand the crystallographic features beginning to form on the (3 11 0) surface could lead to a concerted aggregation of features into topography that might potentially extend over much greater length scales. Further work is under way to investigate this hypothesis. 

Cluster Impacts

During a cluster impact the length of time particle ejection from the surface occurs is much longer than for single particle impacts. Nonetheless there are some similarities with the ejection of fast single atoms and small clusters in the first few picoseconds after impact followed by larger cluster ejection over longer times.

In this case very large clusters containing several hundred atoms can be ejected. An analysis of these large ejected clusters shows that their internal kinetic energy (when translational and rotational energy of the clusters has been subtracted) is such as to correspond to temperatures of between 2000 and 2500 K, i.e. well above the melting point of gold which is at 1337 K. The ejected clusters can thus be thought of as liquid droplets. In addition to examining the emitted clusters it is also possible to filter the atoms in the lattice on the basis of their kinetic energy.

A plot of those atoms in the system with energies corresponding to a temperature greater than the melting point of gold is shown in Fig. 4.

Although only the results for the 1000 atom cluster are shown in Fig. 4 similar results are observed for the 2500 atom cluster. In the initial stages energy for bombardment of the (0 1 0) surface energy is transmitted quickly along the <110> directions in the crystal. After this initial wave and the ejection of the fast particles, a region around the impact site forms from which the particles are ejected and liquid droplets boil off. This region has a cross-section (when viewed from above) that is diamond like with more energetic particles along the major crystallographic directions. This is true for both the 2500 atom ball and the cubic 1000 atom cluster impacts and is reflected in the surface topography existing after impact. As the dynamics proceeds the crater becomes more hemispherical in shape. During the ejection process, a rim of gold atoms around a central crater forms, from which many clusters are ejected. Initially particle are ejected vertically upwards but towards the end of the ejection process these clusters are ejected with a polar angle of around 60 • ± 10 • , see Fig. 4(c) and Fig. 5(a). After the molten clusters break off, the remaining strands eventually settle down onto the surface Fig. 5 (c) to form a rim around the crater. The formation of this rim followed by its subsequent break up into droplets has already been observed for large cluster impacts on a number of different substrate materials, see e.g. the work by Samela and Nordlund [24] for cluster impacts on Au(1 1 1). Although our work is not directly comparable due to the different surface orientation considered, some features are common with the current investigation. Samela and Nordlund define a two phase impact process. In the first phase up to around 1 ps after impact the projectile atoms and substrate atoms located in the impact region are compressed. In the second phase the energy is released radially forming a hemispherical cavity of hot material that is ejected from the surface leaving a crater. This is also observed in our simulations. Samela and Nordlund also observe that the shape of the transient crater follows the crystallographic directions of the Au fcc structure, also observed here. In contrast to the single atom impact simulations, the surface topography remaining after cluster impacts displays some of the more stable (1 1 1) facets as are highlighted in Fig. 6. At much lower impact velocities such as during nanoindentation simulations, particles are often pushed upwards due to the activation of slip systems, including cross-slip, in the material [25,26]. In this case the resulting topography is a combination of the crystal structure and indenter geometry. The piled-up material then also displays the more stable (1 1 1) facets [27].

For the 1000 atom cluster impact on the (0 1 0) surface, over 5000 atoms are ejected after the impact forming a crater with an almost circular cross-section, approximately 7 nm in radius and about 5 nm deep. Approximating this volume V by the cap of a sphere we see that the ratio V /N where N is the number of particles in the cluster is around 0.2 nm 3 similar to the macroscopic scaling law quoted by Samela and Nordlund. The sputtering yield is also much greater than that for the 20 individual particle impacts which deposit the same amount of energy into the surface.

A crater of similar size forms when the (3 11 0) surface is bombarded. The crater cross-sections and depths shown in Figs. away from the surface. In this case around 4000 atoms are sputtered and although the crater sizes are similar in both cases, more atoms settle back onto the (3 11 0) surface. It is not clear that this is statistically significant since the ejected clusters can contain hundreds of atoms and a small difference in the number of ejected clusters could result in this difference. There is some evidence to suggest that atoms ejected along the major crystallographic directions have higher kinetic energy, however the amount of energy required for a cluster to break away from the surface is quite small as a fraction of the total energy contained in the cluster. Thus the difference between a cluster which breaks away and is regarded as being ejected, compared to one that remains bonded to substrate atoms and therefore appears as surface adatoms, is also small. A larger number of simulations would be required to see if the sputtering yields from cluster impacts on the two surfaces is significantly different. The shape of the material thrown up onto the surface is however different for the (3 11 0) surface, being spread out over a bigger area of the surface and with more cusps where the liquid droplets have been emitted. However there is no evidence that the cluster impact is forming rough topography as in the case of single particle impacts. The differences in the surface topography after impact represent the underlying crystal structure. For the (0 1 0) surface, more material is ejected along the major crystallographic directions. This is also the case for single particle impacts on the surface which result is the well-known Wehner spot ejection patterns, [START_REF] Smith | Atom and Ion collisions in solids and at surfaces[END_REF] where channelling and blocking by surface atoms are responsible. In this case the energy from the impact is carried away from the impact zone more efficiently along the <1 0 1> type directions as shown in Fig. 4. For the (3 11 0) surface the cusps in the adatom structure along the x-direction are clearly visible in Fig. 5 but the change in the crystal symmetry has resulted now in a superstructure with more cusps.

Conclusions

A comparison has been made between the surface topography formed on Au after 20 separate single Au atom impacts and that formed by 1000 atom cluster impacts that deposit the same energy. Both the (0 1 0) and (3 11 0) surfaces were examined.

The results indicate that facetted structures can form on the (3 11 0) surface after successive single atom impacts. For the (0 1 0) surface the surface topography is flatter. For single cluster impacts both the resulting craters and the rim around the crater shown no real evidence of facetting. For the cluster impacts, the resulting craters are similar in shape for the two surface but the surface topography around the crater has a different shape dependent on the surface orientation. 

Figure 1 .

 1 Figure 1. The development of the surface topography on the {3 11 0} surface of Au during the first particle impact. The surface dimension is ≈ 10 nm × 10 nm. (a) 1 ps after impact ; (b) 10 ps after impact; (c) 15 ps after impact but before relaxation. The arrows indicate two clusters originally ejected as a single cluster in (b), which have split apart after ejection. (d) The surface topography after relaxation. This is the same image as shown in Fig. 2a from a different perspective.

Figure 2 .

 2 Figure 2. The development of the surface topography on the (3 11 0) surface of Au after successive particle impacts. The surface dimension is ≈ 10 nm × 10 nm. (a) A crater formed after the first impact; (b) The topography after 6 successive impacts; (c) and (d) the surface after 20 impacts, shown from different perspectives. The arrow indicates the same edge in both figures. The bold line in (d) shows the (0 1 0) planes of the facetted surface and the arrows indicate the common edge in (c) and (d).

Figure 3 .

 3 Figure 3. The development of the surface topography on the ( 0 1 0) surface of Au after successive particle impacts. (a) After six impacts; (b) The topography after 16 successive impacts; (c) and (d) The surface after 20 impacts, shown from different perspectives.

  5(c) and (d) are very similar but for the (3 11 0) surface more material forms around the crater than is ejected

Figure 4 .

 4 Figure 4. Atoms with kinetic energy greater than that corresponding to the Au melting temperature at various times after the impact of a 1000 atom Au cluster with an energy of 100 eV per atom. The surface dimension is ≈ 35 nm × 35 nm. (a) 2 ps after impact; (b) 3 ps; (c) 10 ps and (d) 20 ps. The arrows in (a) and (b) indicate the direction of travel of the energetic subsurface particles in the <110> type directions. Atoms with a 'temperature' just above 1400 K are shown in blue with the blue through to red colours indicating increasing energy.

Figure 5 .

 5 Figure 5. The Au surfaces at various times after the impact of a 1000 atom cluster with an energy of 100 eV per atom. The surface dimension is ≈ 35 nm × 35 nm. (a) (010) surface 20 ps after impact; (b)(0 1 0) surface 50 ps after impact; (c)(0 1 0) surface, 60 ps after impact followed by relaxation using damped MD for a further 10 ps. (d) Same as (c) except for the (3 11 0) surface. In both (c) and (d) the rim around the crater reaches a height of around 2.1 nm. The central (red and yellow on-line) region in (c) and (d) represents the crater hole. The surrounding cusped (blue on-line) area is the crater rim.

Figure 6 .

 6 Figure 6. The material forming the crater rim at the end of the cluster impact on the (3 11 0) surface, highlighting the (1 1 1) facets that form.
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Table 1 .

 1 The parameters for the splining function. The A k 's, k = 0(1)5 are in the units of Å-k .
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