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Abstract 
 

In spite of the increasing interest in and application of ultrathin film oxide oxides in 

commercial devices, the understanding of the mechanisms that control the growth of these 

films at the atomic scale remains limited and scarce. This limited understanding prevents the 

rational design of novel solutions based on precise control of the structure and properties of 

ultrathin films. Such a limited understanding stems in no minor part from the fact that most of 

the available modeling methods are unable to access and robustly sample the nanosecond to 

second time-scales required to simulate both atomic deposition and surface reorganization at 

ultrathin films. To contribute to this knowledge gap, here we have combined molecular 

dynamics and adaptive Kinetic Monte Carlo simulation to study the deposition and growth of 

oxide materials over an extended timescale of up to approximately 0.5 milliseconds. In our 

pilot studies we have examined the growth of binary oxide thin films on oxide substrates. We 

have investigated three scenarios (i) the lattice parameter of both the substrate and thin film 

are identical (ii) the lattice parameter of the thin film is smaller than the substrate and (iii) the 

lattice parameter is greater than the substrate. Our calculations allow for the diffusion of ions 

between deposition events and the identification of growth mechanisms in oxide thin films. 

We make a detailed comparison with previous calculations. Our results are in good 

agreement with available experimental results and demonstrate important limitations in 

former calculations, which fail to sample phase space correctly at the temperatures of interest 

(typically 300K to 1000K) with self-evident limitations for the representative modeling of 

thin films growth. We believe the present pilot study and proposed combined methodology 

open up for extended computational support in the understanding and design of ultrathin film 

growth conditions tailored to specific applications.  
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Introduction 
 

Metal-oxide have a wide range of useful properties (being thermoelectrics, ferroelectrics, ion 

conductors, ferromagnetics, colossal magneto-resistant materials, superconductors, 

piezoelectrics)1,2,3 and are thus candidate materials for uses as diverse as energy conversion 

processes, catalysts and sensors as well as memory applications. The manufacture of devices 

often demands the ability to exercise precise control over the growth of thin films on a host 

substrate. Indeed, atomic level definition may be required for applications such as supported 

superconductors, magnetic, optical and electronic devices. Using techniques such as 

molecular beam epitaxy (MBE), chemical vapor deposition (CVD) and pulsed laser 

deposition (PLD), it is possible to produce phases that are very different from those found in 

the bulk, leading to new nanoscale materials and devices. However, there are significant 

unsolved experimental challenges in simultaneous time- and atomically resolved 

characterization of “thin-film” phases and their interfaces. The usually limited similarities 

between bulk and ultrathin film properties of a given materials readily define a vital role for 

computer simulations in both interpreting the experimental data (such as reflection high-

energy electron diffraction, grazing incidence X-ray diffraction transmission electron 

microscopy results) and uncovering the factors that dominate the resultant film morphology. 

Moreover, the chemical and physical properties of thin films can change dramatically when 

supported on a substrate, thus making it essential to understand the mechanism of thin film 

growth and the importance of the substrate influence on the thin film. 

 

Despite the technological importance of ultra-thin ionic materials, few detailed simulations of 

the growth of such films exist. Most of these either tried to obtain plausible film structures 

without attempting a detailed model of the growth, relying on structures obtained using 

energy minimization, or used classical molecular dynamics simulations with unrealistic 

timescales (i.e. nanosecond simulations are too short to allow for diffusion of the ions at the 

surface) and/or very high temperatures.4,5,6 Notable exceptions include the calculations in 

references 7 and 8, which employ a computationally demanding adaptive Kinetic Monte 

Carlo (KMC) approach.9 In these calculations one or more monolayers of atoms were 

simultaneously deposited on the surface to achieve high growth rates similar to those in 

experiments. Recent advances in the speed of computers has allowed us to iteratively deposit 

small number of ions (equivalent to 7% of a monolayer) and study the re-organization of 

these ions to form surface structures (see discussion below). 
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For atomistic simulations to provide detailed information on the structure of interfaces it is 

essential that they reflect the temperatures and timescales relevant for the process under 

study. For thin-film growth, deposition temperatures are usually in the 300 to 1000 K range 

(this depends on many factors such as the technique and chemical components) and the 

atomistic processes underpinning the film growth and surface re-organization are understood 

to happen in nanoseconds to seconds time-scales. Towards fulfilment of these conditions in 

the simulations, we present an approximate method for the multiscale modeling of thin film 

growth that allows for both the deposition of ions and their subsequent re-organization at the 

surface. We examine the growth of the binary oxide films (MgO, CaO and SrO) on two 

substrates as a pilot study for our off-lattice kinetic Monte Carlo method. The substrates 

employed are MgO and BaO since these provide examples where the substrate and thin film 

have identical lattice spacing and where the thin film and substrate have a large degree of 

lattice mismatch. We have also chosen these compounds as Sayle and Watson have studied 

the binary oxide interfaces using a molecular dynamics amorphization and recrystallization 

strategy, while Allan et al. have employed lattice energy minimization to investigate similar 

interfaces.10,11 The amorphization and recrystallization technique involves forcing the 

overlying material to undergo, under dynamical simulation, a controlled amorphization at an 

elevated temperature. Subsequently a molecular dynamics simulation on this amorphized thin 

film results in its recrystallization and the evolution of structural features. Our simulation 

technique employs the same potential model as the above calculations, thus allowing a 

meaningful comparison of the results. We demonstrate the variation in modes of thin film 

growth depending on the difference in lattice parameters of the thin film and substrate.  

 

 

Computational Methods 
 

Our objective is to study the growth of oxide thin films that are formed in experiments such 

as pulsed laser deposition (PLD). In PLD a laser is used to vaporize a target material and the 

atoms/ions are then deposited on to a substrate. The growth of a thin film using PLD can be 

envisaged as two distinct stages. The first is the deposition of ions on to the surface and the 

second the reorganization of these atoms/ions on the surface often to form a crystalline 

material. The former process is fast and can be modelled using traditional Monte Carlo (MC) 

and molecular dynamics (MD) techniques. Unfortunately, the second process is slow 

(approximately nanoseconds to seconds depending on the temperature and the size of the 
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diffusion barrier)12,13,14,15 and MD is not capable of accessing the time scales required for the 

systems we are interested in. It is thus necessary to use an alternate technique such as KMC. 

Each simulation of fixed composition can be broken down to two components: an initial 

MC/MD phase followed by a second KMC phase. Thin film growth is modelled by 

repeatedly inserting additional ions to the simulation cell and performing combined 

MC/MD/KMC calculations. All of our simulations were undertaken at 300 K, the regime 

where the diffusion of ions is slow. 

 

The initial phase of a deposition event is to place the ions in a suitable position chosen at 

random yet without unphysically short inter-ion distances. This was accomplished using the 

MC engine DL_MONTE.16  As the MC often places ions within the vacuum region, a short 

molecular dynamics calculation, using the DL_POLY package,17 was employed to allow 

these ions to adjust their positions and adsorb on the surface of the deposition substrate. At 

each deposition step 20 divalent cations (e.g. Mg2+, Ba2+) and 20 O2- anions were added to the 

simulation cell. The MD simulations were run for 50,000 steps using a time step of 1.0 

femtoseconds. This procedure was found to produce a “sensible” starting point for the 

adaptive kinetic Monte Carlo simulations (i.e. all the ions are in contact with the surface and 

the bond lengths are similar to those of the bulk materials) and the resulting configurations 

were fed into the KMC as described below. 

 

We now turn our attention to describing the details of the KMC phase of the simulation. 

KMC exploits stochastic algorithms to explore rare events and coarse grain the time 

evolution of the model system.18,19,20 In our calculations the transition states are considered as 

thermally activated diffusional hops and are governed by an Arrhenius equation:  

 

𝑟𝐷 = 𝐷0exp(−
𝑄

𝑘𝑇
)          [1] 

 

where rD is the rate of an event, D0 is an exponential pre-factor, Q is the activation energy of 

the hop, k is Boltzmann's constant and T the temperature. We assume that the exponential 

pre-factor D0 represents the attempt frequency for an atom hopping from basin 1 to basin 2. 

We have employed a value of 1013 s-1, which has been determined as a good approximation 

for oxide materials.21 In our simulations an event is either a cation or an anion diffusional hop 
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and the state of the model system is evolved by choosing one event stochastically, according 

to the rate of the events using the following equation: 

 

∑ 𝑟𝑖 ≤ 𝜌1
𝑚−1
𝑖=1 ∑ 𝑟𝑗

𝑁
𝑗=1 < ∑ 𝑟𝑘

𝑚
𝑘=1         [2] 

 

where m is the index of the chosen event and N is the total number of possible events. 

Summation indices i, j, and k denote the individual events, thus ri is the rate of the event i. ρi 

is a random number evenly distributed over the range [0, 1]. This ensures that faster events 

have a greater probability of being chosen than slower events. Once an event is chosen, the 

surface is modified to enact the diffusion event. The simulation time is then advanced by 

 

∆𝑡 = −
𝑙𝑛𝜌2

∑ 𝑟𝑖
𝑁
𝑖=1

                      [3] 

 

In equation 3, t is the elapsed time and ρ2 is a random number evenly distributed over the 

range [0, 1]. 

 

The list of events can be pre-determined or calculated on-the-fly. A pre-determined list 

requires less computation. However, for thin film growth, prior knowledge of the structure 

and thus activation energies is not possible and it is necessary to calculate these on-the-fly. 

Calculation of activation energies requires a method to search for and determine saddle points 

without input from the user. It is possible to do this with techniques such as molecular 

dynamics,22 the dimer method 23 and activation relaxation technique.24 We have adopted the 

molecular dynamics approach and summarize the computational approach below.  

 

At each step a NVT ensemble MD run was performed whilst monitoring the displacement of 

the ions. When an ion(s) was found to have moved more than a given distance (the cation-

oxygen distance of the thin film oxide) the MD simulation was paused and the positions 

adjusted until the forces on the ions were less than 0.001 eV/Å using the FIRE method.25 The 

location of the ions was then re-analyzed. If they were found to have fallen back into the 

original basin the MD simulation was re-started. However, if they relaxed into a new basin 

the MD run was halted and the activation barrier and energy determined using the Nudged 

Elastic Band method.26,27 The NEB calculated activation energies, Q, are employed within 

the KMC simulation via equations 1-3. By combining MD and NEB it is possible to calculate 
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the activation energies of both single and multiple particle jumps. Approximately 80% of the 

computational time is taken up in the MD simulation and the efficiency of the molecular 

dynamics step depends on the frequency of ions moving from one basin to the next and may 

take a significant number of timesteps. To overcome this problem, we have accelerated the 

MD using the approach of Hamelberg et al.28 In addition, we collected 100 events per KMC 

iteration. Fortunately, each event can be evaluated independently and we employed between 

24 and 48 concurrent MD simulations (each is initiated with a different set of random 

velocities). The diffusion of the ions was studied using the KMC simulation for one 

microsecond and then a further deposition event was initiated, and the process restarted. We 

have neither employed recycling of activation energies nor used a catalogue of possible 

events (i.e. each activation energy is from a new event).   

 

We would like to emphasize that once relaxation is included in the KMC simulation, it 

requires the energy and forces to be evaluated. As in previous calculations for the same 

systems as considered here, we have employed the ionic model.4,10 The interaction energy 

between two particles i and j is written as:  

 

𝑈𝑖𝑗 = 𝐴𝑒𝑥𝑝
−𝑟𝑖𝑗
𝜌

−
𝐶

𝑟𝑖𝑗
6 +

𝑞𝑖𝑞𝑗
𝑟𝑖𝑗

 

 

The first two terms on the right-hand side together form an interatomic potential of the 

Buckingham form. For all calculations presented in this paper we used the potential set 

developed by Lewis and Catlow.29 However, we used the rigid ion formalism and do not 

allow the ions to polarize (i.e. shells were not included as they adversely affect the 

computational efficiency and the parameterization is poor, if not non-existent, at the 

transition state). The final term is the Coulomb interaction and is evaluated using the Ewald 

technique.30  

 

 

Results 
 

In our pilot studies of thin film growth, we have limited our attention to interfaces with rock 

salt structure as there are several previous publications that have focused on these systems 

using MD and energy minimization techniques. In all our simulations the substrate was the 

(001) facet using the slab approximation and each substrate layer consisted of 576 ions. A 
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total of twenty layers of substrate were used in all simulations, but only the uppermost eight 

layers were allowed to relax. A constant surface (or interfacial) area was assumed and the 

lattice parameter of the substrate was imposed on the thin film. We have undertaken 

simulations in which the lattice parameter of the thin film is i) identical, ii) less than and iii) 

greater than that of the growth-substrate. More specifically, the systems we considered for 

each class are i) the growth of MgO on a MgO(001), ii) MgO and CaO on the BaO(001) 

surface, and iii) CaO and SrO on the MgO(001) surface. Throughout this paper the term 

monolayer is used to refer to the number of ions on the surface and 576 ions will be regarded 

as a monolayer regardless of whether a single uniform layer is produced or not. In addition, a 

maximum of three monolayers of ions were deposited on each substrate. 

 

MgO growth on a MgO(001) substrate. 

 

We initially examine the deposition and growth of Mg2+ and O2- ions on a MgO(001) 

substrate, where there is no cation or anion mismatch. Initially, any ions deposited on terraces 

diffuse to the principal surface plane as the Mg2+-O2- interaction and the ions attempt to 

maximize the number of nearest neighbors. The Mg2+ and O2- ions diffuse on the surface 

predominantly hopping from a position above their counter ion to an adjacent site. The 

activation energy for the diffusion of isolated Mg2+ and O2- ions is 0.59 eV, which is 

consistent with the values of 0.3/0.38 and 0.88 eV derived from ab initio calculations.31,32 

The simulations in this study demonstrate the formation of small MgO islands containing 

[100] edges (Figure 1a). Similar islands have been observed for BaO growth on BaO in 

kinetic Monte Carlo calculations for which the activation energies were determined using 

temperature accelerated dynamics.33 Antoshchenkova et. al.34 have studied the growth of 

MgO on a MgO(001) substrate using an on-lattice, list based KMC method. These authors 

define four types of “move” (i) rotation of Mg2+ around O2-, (ii) rotation of O2- around Mg2+, 

(iii) exchange of Mg with the surface Mg, and (iv) simultaneous jump of two ions.  However, 

in addition to translation of ions we also frequently observe diffusion events in which there is 

a translation of several ions, which is not included within the kinetic Monte Carlo approach in 

Ref. 34. These deviations illustrate exemplarily the difficulties (and risks) in arbitrarily 

predicting complex moves, such as those observed in Figure 2, in non-adaptive, list-based 

KMC approaches. In Figure 3, we have plotted the number of particles involved in a single 

move vs. the activation energy and the total distance of the atoms displaced during a single 

diffusion event (this is the sum of the distances moved for the atoms that have been displaced 

more than 1.0 Å) against the activation energy. The data shows that there are many complex 
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multi-atom moves including translations of groups of atoms (approximately 24% of the 

AKMC events are for the displacement of at least two atoms). Moreover, the total distance 

moved by atoms within a single diffusion event is unrelated to the activation energy. This, 

combined with the long-range nature of the Coulomb interactions, prevents the use of 

recycling schemes. Moreover, when the monolayer coverage is low, we do not observe any 

exchange of ions between the thin film and substrate since the activation energy for this 

diffusion mechanism (approximately 1.8 eV) is significantly greater than that for the simple 

hop (0.59 eV).31 As more ions are deposited on the substrate the size of the islands increases 

before fully wetting the substrate as observed in Figure 1b. When the monolayer is almost 

complete, it is energetically favorable for the Mg2+ and O2- ions to move out of the thin film 

plane onto the surface (the frequency of these events is approximately 0.1%) and then diffuse 

across the top layer to annihilate any imperfections in the thin film (Figure 1b), thus reducing 

any residual strain. This change in diffusion behavior is difficult to capture by list-based 

kinetic Monte Carlo. The layer-by-layer growth observed is in agreement with previous 

experiments and KMC calculations as further deposition of ions results in their diffusion to 

fill into the forming monolayer and the process restarts.35 

 
(a) 

 

(b) 
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Figure 1. Snapshot of (a) 0.2 and (b) 1.1 MgO monolayers deposited on a MgO (001) 

substrate. The Mg2+ and O2- ions of the substrate are colored light green and magenta 

respectively, whilst those of the thin film are brown and red. 
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(a) 

 

(b) 

 

Figure 2. Atom positions before (a) and after (b) of a complex event that involves the 

translation of multiple atoms. The Mg2+ and O2- ions in the substrate are brown and red 

respectively, whilst the green and magenta represent Mg2+ and O2- ions in the thin film. The 

arrows indicate the direction of displacement. 
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(a) 

 

(b) 

 

Figure 3. (a) The number of particles involved in a single diffusion event plotted against its 

calculated activation energy. (b) The activation energy vs the total distance of atoms moved. 

The data is obtained for 100 randomly chosen events when 120 Mg2+ and O2- ions are 

allowed to diffuse on an MgO(001) surface.  



Accepted to J. Chem. Phys. 10.1063/5.0089043

12 

 

MgO and CaO growth on a BaO(001) substrate. 

 

It is not surprising that a layer-by-layer growth is observed for the MgO/MgO(001) interface 

and we now examine the growth of the binary oxides MgO and CaO on a BaO(001). In these 

simulations the bulk lattice parameter for the deposited materials (MgO and CaO) is less than 

that of the substrate. This in turn implies that the interactions within the deposited (MgO or 

CaO) thin film are stronger than those between the thin film and the BaO(001) substrate. In 

addition, there is a significant mismatch between the lattice parameters of the thin film and 

substrate. Bulk MgO, CaO and BaO have lattice parameters of 4.20, 4.80 and 5.54 Å 

respectively and a significant relaxation of the ions is expected, providing a much more 

stringent test of the computational method. Moreover, the construction of an on-lattice list 

based KMC is very difficult due to the misalignment of the different lattices. As the atoms 

start to be deposited, the Mg2+ ions tend to locate above the O2- ions of the substrate whereas 

the deposited O2- ions of the thin film prefer the bridging position between two Ba2+ ions (see 

Figure 4). The activation energies for isolated Mg2+ and Ca2+ ions to hop to the neighboring 

energy basin are 0.54 eV and 0.48 eV, respectively. Again, we find that the diffusion of ions 

on the surface includes correlated motion of cations and O2- ions (Figure 5).  

 

The position and peak shape in the radial distribution functions (RDF’s) reflect the structure 

of the thin film and the nature of the interface.  Figure 6 reports the calculated RDF’s for Mg-

OTF, Mg-OS and Mg-Ba as well as OTF-OTF, OTF-OS and OTF-Ba “bonds”. Throughout the 

paper, the subscripts “TF” and “S” refer to the thin film and deposition substrate, 

respectively. The Mg-OTF and OTF- OTF bond lengths for 30 Mg2+ and O2- pairs on BaO(001) 

are approximately 1.84 Å and 2.7 Å respectively. These bond-lengths are slightly shorter than 

those found in the bulk oxides and are due to the MgO film adjusting to the lattice mismatch. 

The Mg-OS distance is approximately 2.0 Å as the Mg2+ ions are situated above the oxygen 

ions of the substrate (the peak is narrow as the bond lengths is similar in magnitude). 

However, the OTF-OS and OTF-Ba bond lengths are similar (~3.0 Å) as the OTF ions favor a 

bridging position between two or more Ba2+ ions. The positioning of the oxygen ions due to 

the mismatch in bulk lattice parameters and resulting strain allows unexpected structures to 

form where lines or loops of ions exist.  A similar observation was made in reference 36 and 

these configurations exhibit a broadened profile for the OTF–Ba RDF’s. The strength of 

interactions within the thin MgO film are greater than those between the thin film and 
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substrate. As a result, the MgO grows by the formation islands that are elongated along the 

[110] direction.  

 

Figure 4. MgO (30 Mg2+ and 30 O2- ions, 0.10 monolayers) that have been deposited on a 

BaO (001) substrate. Ba, O (substrate) are colored brown, red whilst the Mg and O ions (thin 

film) are green and magenta respectively. 

(a) 

 

(b) 
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Figure 5. An example of correlated movement of an Mg2+ and O2- ion (light green and 

magenta) on the BaO(100) surface (brown and red) to form a chain of ions. The activation 

energy for this event is 0.42 eV. The arrows indicate the direction of movement of the ions in 

the initial basin (a) to form the second basin (b). 
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Figure 6. Calculated radial distribution functions (RDF’s) for 30 Mg2+ and 30 O2- ions on a 

Ba (001) substrate. The oxygen ions in the thin film and substrate are indicated by OTF and 

OS respectively. RDF’s for the bulk oxides of MgO, CaO, SrO and BaO are presented in 

Figure S1 of the ESI for comparison with those of the thin film.  
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Figure S2 in the ESI displays several stages of growth for the MgO thin film at coverages of 

0.8, 1.5 and 2.0 monolayers. For a monolayer coverage, isolated islands are still present as it 

is energetically more favorable for Mg2+ and O2- ions to form additional layers (ESI figure 

S2b) rather than a single layer of evenly distributed ions (even for 0.8 monolayer coverage 

Mg2+ and O2- ions can be observed to be situated on top of other Mg2+ and O2- ions). After the 

deposition of two monolayers, the MgO ions have not formed a continuous thin film, but 

interconnected islands (ESI figure 2c) that persist even up to the deposition of the equivalent 

of 3 monolayers of ions (Figure 7). The calculated RDF’s (Figure S3 in the ESI) obtained 

from the configuration in Figure 7 have well defined, narrow peaks for the intra thin film 

whilst the thin-film/substrate interactions are broad and less well defined. X-ray Reflectivity 

and Near-Edge X-ray Absorption Fine Structure measurements indicate that MgO grows to 

form well-structured thin films with coordination similar to MgO bulk.37,38 We stress that 

while the computational demands of our calculations do not allow us to study thin films of 

comparable dimensions to those in reference 4, they do allow study of how the 

MgO/BaO(001) interface develops over a realistic (ms-long) time scale. The amorphization 

and recrystallization method identified the structure of the MgO/BaO(001) interface as 

comprising of misaligned MgO crystallites.4 These crystallites included a central plateau area 

(MgO(100)/BaO(100)) containing dislocations and a vicinal MgO(111)/BaO(001) interface. 

We do not observe any dislocations, crystallites or MgO(111)/BaO(001) interfaces in our 

calculations as the longer timescales enable the system to suitably relax, i.e. the dislocations 

are likely an artefact of the amorphization and recrystallization approach. 

 

We find that CaO growth on the BaO(001) substrate follows a similar mechanism, although 

the formation of islands is less marked since the difference in lattice parameters of the binary 

oxides is less than that at the MgO/BaO interface and the strength of the Ca-OTF interaction is 

less than that for Mg-OTF. Figure 8 and Figure S4 in the ESI display snapshots of the 

structure observed for 0.8 and 2 monolayers of Ca2+ and O2- ions on the BaO(001) surface, 

respectively. Mohn et al. also studied the CaO/BaO(001) interface using manual creation of 

islands and clusters followed by energy minimization. The authors observed the formation of 

a domain structure in their study of CaO/BaO(001) interfaces.10 In contrast, we observe the 

formation of three-dimensional islands rather than two-dimensional domains, despite using 

the same interatomic potentials. We speculate that this is due to the strongly biased sampling 

of configurational space by the manual approach in Ref. 10, which intrinsically prevents 

exploration of the thermal dynamics and mechanisms of island growth. The Ca-OS and OTF-
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Ba RDF’s (Figure 9) have similar distances to those in the bulk materials whilst those for the 

interactions between the thin film and substrate do not demonstrate the same degree of 

distortion as for the MgO/BaO(001) interface.  

 

Figure 7. The equivalent of 3 monolayers of MgO on BaO(001). Ba, O (substrate) are colored 

brown, red whilst the Mg2+ and O2- ions (thin film) are light green and magenta respectively. 

 

 

Figure 8. 0.8 monolayers of CaO deposited on a BaO (001) substrate. Ba, O (substrate) are 

colored brown, red and Ca and O (thin film) are light green and magenta respectively. 
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Figure 9. RDF’s for 2 monolayers of CaO grown on a BaO (001) surface. 

 

 

CaO and SrO growth on a MgO(001) substrate.  

 

In these examples, the bulk lattice parameter for the components of the thin film is greater 

than that of the substrate. First, we examine the CaO thin film on MgO. The Ca2+ ions prefer 

to sit above the O2- ions of substrate and the OTF above the Mg2+ ions of the substrate (Figure 

S5 in the ESI). Deposition of a monolayer of CaO (Figure S5b) growth gives rise to the 

formation of a CaO over layer. However, the mismatch in spacing results in defects in the 
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form of both cation and anion “vacancies”. The ions that cannot be accommodated in the 

monolayer form islands that are often 2 particles in depth (Figure S5b). Further deposition 

and growth of the thin film result in the formation of continuous, but distorted, layers. For 

example, 2 monolayers creates a thin film that is approximately 3 layers in depth, but is 

distorted so that steps in the surface are formed (Figure 10a). Where 3 monolayers of CaO 

have been deposited (Figure 10b) the strain in the CaO/MgO interfacial layers is relaxed by 

lattice distortion and misfit dislocations that grow almost perpendicular to the surface. The 

Ca-OTF, Ca-OS and OTF-OS RDF’s have well defined peaks indicating a well-structured over 

layer (Figure S6 in the ESI). The lattice parameter of SrO is greater still and the formation of 

an coincident/ideal monolayer would result in significant compression of the Sr-O and O-O 

“bonds”. This level of compression is energetically not feasible and results in buckling of the 

thin film at the interface and the RDF’s of Sr-OS and OTF-OS are broad and no longer exhibit 

well defined peaks (Figure S7 in the ESI). The structure of CaO and SrO films on MgO(001) 

have been examined in reference 39 using X-ray diffraction and transmission electron 

microscopy and CaO films on MgO(001) by high-resolution transmission electron 

microscopy (HRTEM) in reference.40  Both CaO(001) and SrO(001) films are observed to 

grow on the surface of MgO. In addition, our calculations exhibit excellent agreement the 

structure of misfit dislocations and distortions of the lattice to accommodate the misfit strain 

identified in the HRTEM experiments. In addition, calculations employing energy 

minimization identified hexagonal BaO structures that were “buckled” with limited contact 

with the MgO crystal surface (Figure 10).36 

(a) 

  

(b) 
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Figure 10. (a) Two and (b) Three monolayers of CaO deposited on a MgO (001) substrate. 

Mg, O (substrate) are colored brown, red and Ca and O (thin film) are light green and 

magenta respectively. 

Conclusions 

 

We have constructed a multiscale workflow, combining Monte Carlo/MD and adaptive 

kinetic Monte Carlo simulations to study the growth of oxide thin films in contrast to prior 

calculations. MD is used to simulate the deposition of ions on the surface whilst KMC is 

employed to study diffusion of ions at the surface and the re-organization of the ions at the 

interface over a total time of approximately 0.5 milli-seconds (i.e. times that are not easily 

accessible to MD at room temperature). We have demonstrated the limitations of previous 

calculations. The amorphisation and recrystallization method generates thin films that contain 

a large number of dislocations/grain boundaries. We hypothesize that this results from the 

configuration “freezing” at an (arbitrary) high temperature and that the thin film fails to reach 

a minimum energy configuration. The alternate approach of manually sampling 

configurations is impractical and inadequate for sufficient sampling phase space. Therefore, 

we emphasize that the kinetic Monte Carlo component of the simulation strategy is required 

to allow the diffusion of cations and anions so that they can organize into a structured thin 

film.  

 

To evaluate the suitability of the workflow we have examined the growth of binary oxides on 

a range substrates. When considering MgO growth on MgO the adsorbate-surface and 

adsorbate-adsorbate interactions are identical and a "layer-by-layer" (Frank-van-der-Merwe) 

growth is observed. In contrast, for MgO and CaO growth on BaO the thin film-surface 

interactions are weaker than those for the absorbate-absorbate and we observe the growth of 

isolated islands. We do not observe the crystallites and dislocations that were found with the 
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amorphization and recrystallization method. We attribute the origin of this difference to the 

much longer time scales employed in our simulations, which warrant for unbiased relaxation 

of the deposited atoms. In addition, sampling configuration space manually is difficult and 

likely to lead to incorrect conclusions on thin film growth. We have also modeled CaO and 

SrO growth on MgO (001) where the lattice parameter is greater than the substrate. For CaO, 

the adsorbate-surface interactions are stronger than adsorbate-adsorbate interactions and we 

observe a layer-plus-island growth mechanism (Stranski-Krastanov). We find that a distorted 

structure is created when SrO thin films are grown on MgO (001). 

 

Our pilot study has demonstrated that a computational approach to understanding the design 

of ultrathin films is feasible and could be combined with suitable experiments as well as more 

accurate force and energy evaluation methods (e.g. by linear-scaling Density Functional 

Theory41) to examine the growth conditions for specific and technologically important 

applications. 

 

Supplementary Material 

 

The supplementary material contains additional figures referenced in the text. 
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