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Hole opening from growing interfacial voids: A possible mechanism of solid state dewetting

Vacancies at interfaces between a film and a substrate can affect material properties and could play a role in solid state dewetting. Using Kinetic Monte Carlo simulations, we show that interfacial mono-vacancies diffuse and coalesce to form vacancy clusters and voids. The film/substrate excess energy E S which is related to the apparent contact angle controls the mechanisms of coalescence. Depending on E S , voids emerging at the film surface form a hole that can be filled by the film or can lead to the dewetting of the film from the substrate.

Mono-vacancies in solid materials can coalesce and form vacancy clusters and voids that significantly impact material properties and stability. The size and the distribution of the vacancy clusters not only affect the mechanical properties of a material 1 but also optical and electric properties 2 and are therefore important for material applications. With the development of nanotechnologies and the size reduction of devices, the importance of the evolution of vacancy clusters has further increased 3 . Our work is mainly motivated by the need for a better understanding of the stability of thin films. Thin solid films deposited on a substrate are often unstable and tend to break-down and agglomerate into 3D isolated particles, through a phenomenon called solid state dewetting (SSD) 4 . On one hand, SSD leads to important morphological changes of a film and can thus make devices inoperative, and strategies to limit this phenomenon must therefore be developed 5 . On the other hand, SSD can be used to form organized patterns of particles on surfaces [6][7][8] , for instance to exploit optical properties 9 . While in polycrystalline films SSD starts at grain boundaries, the origin of SSD in single crystal films, such as Silicon on Insulator (SOI) films [10][11][12] , is less clear. As suggested by Shaffir, Riess and Kaplan 13 , interfacial monovacancies can coalesce and form voids that grow and lead to SSD. Studying the agglomeration of Au films deposited on SiO 2 , Kwon et al. propose that SSD can be due to voids, formed by vacancy coalescence, that grow at the substrate/film interface 14 . Vacancies can be formed during the deposition of the thin film or they can appear at later stages, for instance under strain 15 , or when the material is heated in order to partially relax interface stress 16 . Vacancies can also form from defects, grain boundary junctions with the substrate, or film edges and diffuse at the film/substrate interface. They can therefore play an important role in patterned films that present many edges as in Refs. 9 and 17. Our simulations show that mono-vacancies and vacancy clusters at the interface can coalesce and form voids. When these voids are large enough, they emerge at the film surface and can sometimes lead to dewetting, depending on the wetting properties of the film.

As an interface is surrounded by different materials and thus is not freely accessible, experimental studies of interfacial vacancies and of their coalescence are difficult. Atomistic simulations are thus a convenient tool to investigate these processes. Kinetic Monte Carlo (KMC) simulations based on the solid-on-solid (SOS) method, that forbids overhangs, have been shown to predict many features of solid state dewetting [18][19][20][21] . SOS simulations are fast, but do not allow study of vacancies at interfaces or in the bulk. In this work we have used a 3D KMC code similar to that of Ref. 22, with atoms on a Hexagonal Close Packed (HCP) lattice. Atoms can jump to unoccupied neighboring sites with rates proportional to exp[-(n J -E S δ S )/(kT )], where n is the number of nearest neighbors, J is a binding energy (taken as the energy unit in the following), k is the Boltzmann constant and T is the temperature. E S is the film/substrate excess energy and defines the wetting properties between the substrate and the film, and δ S = 1 for atoms that are in contact with the substrate and δ S = 0 otherwise. Atoms can only move to sites where they have neighbors, i.e. on the top surface, on the substrate, and in regions within voids, but they cannot detach from the film or from the substrate. For convenience and using an analogy with the isotropic case (for instance a liquid droplet on a surface), an apparent void wetting angle θ can be defined using E S as θ = arccos( E S γ f -1), where γ f is the surface energy of the (0001) film (notice that the film/substrate wetting angle θ ′ is related to θ : θ ′ = 180 -θ ). In the simulations, E S is fixed to a value between 0 (complete wetting limit) and 3J (strong dewetting tendency). Additional details on the model and on the relation between E S and the wetting properties are provided in the supplementary material.

Let us start with a description of the early stages of the dy- namics. As an initial condition for the simulations, we use a fixed concentration of empty sites at the interface. For all values of E S , as the system evolves in time, the vacancies diffuse and coalesce at the interface forming vacancy clusters and voids. A bottom view of the evolution of the system is shown in Figure 1(a,b,c). As a result of atom hopping, va-cancy clusters and voids move randomly at the interface and can also diffuse to upper layers. They coalesce and form 2D (i.e., monolayer) and 3D (i.e., multilayer) voids in contact with the substrate (see figures 1b and 1c, and movies 1 and 2 in the supplementary material). The increase in the average void size is more due to coalescence than to Ostwald-ripening coarsening. As shown in 23 , at low temperature the diffusion of mono-vacancies at interfaces is slower than the diffusion of 2D vacancy clusters. However, the diffusion coefficient of 2D vacancy clusters decreases for larger sizes, where universal scaling applies [24][25][26][27] . We expect that the mobility of 3D vacancy clusters will behave in a similar way as a function of size. In addition, it is also known that the diffusion constants of atom clusters and vacancy clusters exhibit an oscillatory dependence on their size 23,26,28 . These combined effects are expected to lead to a complex dependence of the diffusion coefficient on size. Due to their random diffusive motion, voids meet and coalesce to form larger and larger voids, as shown in figure 1(dk). This process is similar to the coalescence of droplets 29 . This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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The dynamics of the reshaping of the two merging voids, also called sintering, has been described in the literature 26 .

Here, we notice that two distinct scenarios can be observed as a function of E S . For large E S (i.e. poor film/substrate adhesion), the void coalescence takes place with the formation of a 2D bridge of empty sites at the film/substrate interface between the two voids, as shown in figure 1e. For longer times, the 2D bridge becomes 3D (see figure 1f), and the voids evolve toward a more compact equilibrium shape to reduce the total surface energy (figure 1g). For small E S (i.e. good film/substrate adhesion), the initial bridge of empty sites does not form at the film/substrate interface but in the bulk, as shown in figures 1h-k. We observe that the average vacancy-cluster size increases faster for larger E S (see movies 1 and 2 in the supplementary material). Some hints about the dependence of size-increase speed with E S can be gained by an inspection of the equilibrium shape of a single void, shown in Fig. 2. Indeed, we observe that: (i) the triple line at the edge of the void fluctuates more and faster for high E S . This could be related to the larger number of interfacial mono-vacancies at the interface, as seen in Fig. 2(c) for large E S . In addition, the hopping rate of adatoms on the substrate is higher when E S is larger. As a second observation, (ii) the projected area of a void on the substrate is larger for high E S (for a given volume) and thus the probability of meeting another void is larger than for small E S .

Figure 3a shows the number of empty sites in the film as a function of the distance from the substrate for E S = 1.0J for different times. For all values of E S , the fraction of empty sites spreads and reaches layers that are more distant from the substrate as time increases. For large E S (see figures 3b and 3c) the curves are steeper. Indeed, the equilibrium height of voids is smaller for large E S . In addition, the total number of empty sites in the voids, i.e. the total volume of the voids, is smaller at large E S due to the presence of a large number of mono-vacancies at the interface.

In thin films, the coalescence of voids may lead to voids that are large enough to emerge at the film surface, thus making a hole in the film. The ultimate fate of this hole depends on E S . In order to investigate this process, we have performed simulations starting with only one void in its equilibrium shape in a film with a flat surface which was one layer higher than the void height. Due to thermal fluctuations, the thin film layer above the void breaks down and a hole forms. Movie 3 in the supplementary material and figures 4a, 4b, 4d, 4e show an example of dynamics of hole formation, for E S = 0.5J. Letting the system evolve further for E S = 0.5J, the film fills the hole and the void disappears, leaving a depression at the film surface (see figures 4c and4f). This depression is smoothed away if the simulation is continued, and the total film height decreases. In contrast, when E S = 2.5J, the hole formed by the void is not filled and dewetting occurs. This is followed by the standard scenario for dewetting, with the formation of a rim around the hole, as shown in figures 4g-l (see also movie 4 in the supplementary material). In general, we find that dewetting starts approximately when E S > 1.5J.

If the void is covered by more than one layer (∆h in the insert of figure 5a), then the value of E S required to observe dewetting increases. Using a film thinner than the equilibrium void height (negative ∆h), the initial condition corresponds to a void truncated by the film surface. In these cases, a smaller value of E S is sufficient to make the film dewet. Figure 5a shows the difference between the thickness of the film and the void height as a function of E S for different void volumes.

Voids with different volumes behave differently and larger voids (red circles in figure 5a) lead more easily to dewetting. Interestingly, rescaling the height ∆h with the characteristic size of the void volume (i.e. ∆h∝ N 1/3 , with N the number of empty sites in the void) does not lead to the collapse of these curves (see figure 5b). This absence of collapse is probably caused by the relevance of another length-scale related to surface fluctuations (such as those that can be built using surface tension and the lattice parameter).

To summarize, we have shown that diffusing interfacial vacancies coalesce, leading to voids that also diffuse and grow in size, mainly by coalescence. In single crystal thin films, such voids can emerge at the film surface and form a hole that initiates solid state dewetting, particularly when the wetting between the film and the substrate is poor. The transition occurs roughly for E S around 1.5 J, i.e. for apparent contact angles of about 90 degrees. Interestingly, in systems with a small apparent contact angle θ ′ , i.e. E S smaller than 1.5 J and large θ , the film can fill small holes resulting from the emergence of voids and annealing could therefore lead to the removal of interfacial vacancies from the film/substrate interface without breaking/dewetting the film. In addition, voids can also be formed at defects or generated by strain 16,30,31 . Our KMC model is based on a rigid lattice, and the total number of empty sites is strictly conserved. In some materials, small vacancy clusters can collapse into dislocation loops 32 or stacking fault tetrahedra 33 . However, once a growing void is large enough, this collapse becomes unlikely, owing to the large energy barrier associated with the conversion process 32 . In addition, extended defects such as dislocations 34,35 , or grain boundaries 30,31 could act as sinks or sources of vacancies and play an important role in the growth of voids. A perspective of our work is to use other simulation techniques to compare quantitatively the stability of voids with respect to other defects and to evaluate the effect of non-conservation of the number of vacancies. Our results open new directions for experimental and theoretical investigations of void dynamics at interfaces and of the initial stages of solid-state dewetting. Another important perspective of our work is to understand if the criterion of a critical apparent wetting angle around 90 degrees can also be experimentally observed or has to be modified when vacancies are initiated by defects or strain.

SUPPLEMENTARY MATERIAL

The supplementary material shows details on the KMC model; the relation between E S and the wetting properties; the change of void shape with temperature; two movies of the vacancy-cluster diffusion and coalescence for E S =0.5 and 2.5 J; and two movies on how voids can form holes in the film, This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. and lead (or not) to dewetting.
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2 FIG. 1 .

 21 FIG. 1. Growth of vacancy clusters. (a) View from below the filmsubstrate interface (from the substrate to the film) at the beginning of the simulation, with a fixed number of interfacial vacancies (the blue spots, 68% of the sites). (b): after some time, the vacancies have coalesced and formed several 3D vacancy clusters. (c): at longer times the vacancy clusters also have coalesced and have formed larger voids. (d-g): perspective view from above the film-substrate interface of the coalescence of two voids for E S = 2.5J (poor film/substrate adhesion), kT = 0.6J. In (d) the voids are well separated. In (e) a 2D bridge of interfacial empty sites shown by the yellow arrow has formed between the voids. (f): the 2D bridge in (e) has become a 3D tunnel. The coalescence is complete in (g), where the two voids have merged in a larger void. (h-k) coalescence of two voids for E S = 0.5J (good film/substrate adhesion), kT = 0.6J. In this case the bridge of empty sites is formed in the bulk of the film, at about half the height of the voids (see the arrow). The colored spheres are empty sites, atoms are not represented. Empty sites at the film/substrate interface are blue, those on the top of the voids are dark red (the color scale is represented on the top-right of the image). In (d-g) the dark red empty sites are in the 5 th layer, while in (h-k) they are in the 11 th layer. The in-plane size of the simulation box is 100×100 atomic positions.

FIG. 2 .

 2 FIG. 2. Equilibrium shape of voids at a film/substrate interface with E S = 0.5, 1.5, 2.5J from (a) to (c). The number of interfacial monovacancies increases from (a) to (c). kT = 0.1J. The in-plane size of the simulation box is 200×200. The figures show the atoms surrounding the voids, therefore three blue atoms at the interface indicate the presence of an interfacial mono-vacancy. The dark blue atoms are on the substrate, while the dark red atoms are in layer 24.

FIG. 4 .FIG. 5 .

 45 FIG.4. Dewetting or not dewetting from a void emerging at the surface. When E S =0.5, kT=0.9J (a-c lateral views and d-f corresponding top views), a hole initially formed in the film (b). However, at longer times, the hole is filled (it appears to detach from the film-substrate interface) and a depression at the film surface is left (c). When E S =2.5, kT=0.9J (g-i), the hole increases in size, dewetting starts and the height of the rim formed around the hole increases (dark red atoms). Colors represent atoms surrounding the vacancy cluster or atoms at the film surface, at distances from the substrate, as shown in the color scale of figure1. The in-plane size of the simulation box is 200×200.
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