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Abstract 

Surfactant-assisted growth of polar CaO(111) oxide film in the presence of 

water-based surfactant is studied by first-principles calculations both from 

thermodynamic and kinetic point of view. We show that the water molecules not only 

supply a surfactant by depositing hydrogen on the surface throughout the growth 

process, but also supply oxygen atoms as an elemental constituent in the film growth 

with rather small energy barriers, i.e. water oxygen atoms are easily inserted in top 

surface layer of the growth film during wet oxidation process. Adding the water 

surfactants to conventional synthesis techniques leads to the continuous presence of 

hydrogen atoms in surface region during the growth process, which efficiently 

quenches polarity and dynamically stabilizes the growth of polar surface, and thus 

facilitates the growth of defect-free CaO(111) films with arbitrary thickness. 
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I. Introduction 

Polar surfaces of metal oxides and compound semiconductors are of prominent 

interest in mineralogy, geochemistry, catalysis, electrochemistry, electronics and 

magnetic recording [1, 2]. One of the simplest polar structures is a polar (111) metal 

monoxide film with rocksalt structure such as MgO, NiO, CaO, BaO, etc. consisting 

of oppositely charged metal and oxygen atom layers alternatively stacked along the 

[111] direction. Such a structural arrangement of uncompensated stoichiometric film 

leads to a divergence of the dipole moment, electrostatic potential and surface energy 

with increasing film thickness, making the rocksalt (111) surface highly unstable [3]. 

An electrostatic instability that results from the presence of this macroscopic dipole 

can be cancelled either by a deep modification of the surface electronic structure — 

surface metallization — or by strong changes in the surface stoichiometry — surface 

faceting, surface reconstructions or changes to surface composition [4-6].  Although 

many attempts have been made to grow rocksalt (111) surfaces using layer-by-layer 

molecular beam epitaxy (MBE) and atomic layer deposition (ALD) [7-9], the growth 

of an atomically flat polar oxide film with an arbitrary thickness still remains 

challenging because of surface roughening during the growth process, such as 

faceting into neutral {100} surface planes, which appears to be one mechanism for 

overcoming polarity [4, 5]. This seemingly unavoidable behavior leads to a grainy 

morphology and diminished functionality. 

Recently, Lazarov et al. [10] have employed first-principles calculations 

predicting the surfactant-assisted growth of single-crystal polar MgO(111) film of 
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arbitrary thickness using hydrogen as a surfactant, which has been confirmed 

experimentally by single crystal growth of MgO(111) on SiC(0001). The surfactant 

hydrogen changes its position and remains on the surface during the growth process, 

providing a dynamical solution for the polarity constraints throughout the growth of 

MgO(111), by effectively healing (quenching) the surface dipole moment and thus 

lowering the surface energy. At the same time, in the presence of a water-based 

surfactant, Paisley et al. [11] have demonstrated the surfactant-assisted growth of 

atomically flat polar CaO(111) oxide film with arbitrary thickness by MBE growth of 

CaO(111) on GaN(0001). In addition, they have used ab initio thermodynamic 

calculations to predict that in the presence of the water surfactant, flat CaO(111) 

surfaces are stabilized by hydroxylation during surfactant-assisted growth at 

temperatures below 253oC. However, the water-based surfactant-assisted growth 

mechanism remains unknown. In particular, how does the water molecule act as a 

surfactant and how is a water oxygen atom inserted into the top surface layer of the 

growth film during wet oxidation process? These are questions that can be addressed 

through first-principles calculations from a kinetic point of view [12]. 

In this paper, we present a first-principles investigation of the surfactant-assisted 

growth of polar CaO(111) film in the presence of a water-based surfactant, both from 

a thermodynamic and kinetic point of view. By means of simulating alternate Ca 

deposition and wet oxidation of CaO(111) surface, we can calculate the binding 

energies, stable configurations, energy barriers, and reaction pathways related to the 

growth process. The results show that the water molecules not only play the role of 
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surfactant, remaining on the surface throughout the growth process, but also supply 

oxygen atoms as an elemental constituent in film growth with rather small energy 

barriers, i.e. water oxygen atoms are easily inserted in the top surface layer of the 

growing film during the wet oxidation process. Introducing water surfactants to 

conventional synthesis techniques induces the continuous presence of hydrogen atoms 

on the surface during the growth process. The surface hydrogen atoms efficiently heal 

polarity and dynamically stabilize the growth of polar surface, and thus facilitate the 

growth of smooth CaO(111) films with arbitrary thicknesses. 

 

II. Methods 

In order to simulate the surfactant-assisted growth of polar CaO(111) oxide films 

in the presence of a water-based surfactant, we performed a series of density 

functional theory (DFT) calculations starting from the deposition of its elemental 

constituents on OH-terminated CaO(111), as shown in Fig. 1. The hydroxylated 

CaO(111) surface was calculated to have the lowest surface free energy up to 253oC 

and was experimentally observed during the surfactant-assisted growth [11]. Two 

crucial steps were investigated to understand the growth process: (i) the arrival of the 

“first” Ca atomic layer and then (ii) the subsequent water oxygen atom insertion into 

the CaO(111) top surface layer.  

Our DFT calculations were performed with the VASP program [13] using a 

plane-wave basis set and a projector augmented wave method (PAW) for the treatment 

of core electrons [14]. The Perdew, Burke and Ernzerhof (PBE) [15] form of the 
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generalized gradient approximation (GGA) exchange-correlation functional was used 

in all calculations. For the expansion of the plane-wave basis set, a converged cutoff 

was set to 500 eV. The calculated CaO bulk lattice constant is 4.830Å, which is in 

good agreement with the experimental value of 4.803Å [16]. The OH-terminated 

CaO(111) surfaces were modeled with periodic supercells, containing a vacuum 

region 22Å thick and a slab consisting of 13 atomic layers constructed to have the 

inversion symmetry, i.e the top and bottom surface have the same termination and are 

passivated with hydrogen atoms which avoids artificial dipole-dipole interactions 

between the periodically repeated supercells. The minimum lateral periodicity we 

used was the (1×1) surface unit cell (Fig. 1(a)), and for specific cases we extended the 

simulations to (2×2) surface unit cells. The Brillouin zone integration was performed 

on a (12×12×1) Monkhorst-Pack k-point mesh [17] for the (1×1) surface unit cell. 

Only one side of this slab was used to adsorb Ca atoms and to react with water 

molecules in our calculations. In geometry optimizations, all the atomic coordinates 

were fully relaxed up to the residual atomic forces smaller than 0.02 eV/Å. Binding 

energies and reaction energies were obtained by taking the difference between the 

total energy of the initial structure and that of the final structure. 

The energy barriers, transition states, and reaction pathways related to water 

molecule dissociation and water oxygen atom insertion into the CaO(111) top surface 

layer were obtained using the method known as climbing image-nudged elastic band 

(CI-NEB) [18]. The method searches for the so-called minimum energy pathway 

(MEP) of a reaction by optimizing a constructed string of intermediate configurations 
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(images) to pass through the transition state, which only requires a priori structural 

information of the initial and final states. It is thus a suitable technique for exploring, 

in an efficient way, a large region of configuration space to find an MEP. In order to 

accurately describe the reaction pathways, we used seven intermediate images, 

allowing all atoms to move within the CI-NEB optimization process. 

 

III. Results and discussion 

1. The arrival of “first” Ca atomic layer 

The natural choice for simulating CaO(111) growth at the OH-terminated 

CaO(111) surface described above is to start with the adsorption of Ca atoms. Three 

possible adsorption sites, A, B, and C on the OH-terminated CaO(111) surfaces are 

shown in Fig. 1. The DFT optimized structures and the corresponding binding 

energies for Ca atoms adsorbed at these sites are shown in Fig. 2. Our calculations 

show that the most stable adsorption site is the B site, as shown in Fig. 2(b). The 

binding energy of Ca atom at the B site is rather large, 3.44 eV; the corresponding 

energies for the A and C sites are 0.91 eV and 3.12 eV, respectively. The optimized 

structures of Fig. 2 (b) and (c) suggest a growth scenario in which an exchange 

mechanism is at work: when Ca atoms arrive at a B or a C site, the deposited Ca 

atoms penetrate into the top surface layer, and the two surface hydrogen atoms break 

the O-H bond and spontaneously move upwards to 1.12 Å and 1.11 Å above the 

newly formed Ca layer, but still at A sites. The OH-terminated CaO(111) surface 

therefore changes to a H-Ca-terminated surface. This is very similar to the case of Mg 
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deposition on an OH-terminated MgO(111) surface [10].  

In order to investigate the adsorption configurations of Ca atoms on 

OH-terminated CaO(111) surfaces at different dosages, we use a larger in-plane cell 

size, i.e. (2×2) surface supercell, to optimize structures with a partial Ca coverage on 

the most stable adsorption site, i.e. the B site, of the OH-terminated CaO(111) surface. 

As illustrated in Fig. 3 (a) and (b) for the low Ca coverages (1/4 and 1/2 ML, 

respectively), the Ca atoms adsorb above the hydrogen layer and slightly push away 

the nearest hydrogen atoms. As the Ca coverage increases to 3/4 ML [see Fig. 3 (c)], 

the hydrogen atom that has the three nearest B sites occupied by Ca atoms breaks the 

O-H bond and spontaneously moves upwards to 1.15 Å above the newly formed Ca 

layer, leaving the other three hydrogen atoms below the newly formed Ca layer. With 

Ca coverage increase to 1 ML [Fig. 3 (d)], all of the surface hydrogen atoms 

spontaneously exchange positions with deposited Ca atoms and move above the 

newly formed Ca layer. These growth features are different from the case when Mg 

atoms are deposited on OH-terminated MgO(111) surface. In the latter case, the 

hydrogen atoms move upwards above the newly formed Mg layer starting at 1/2 ML 

Mg deposition [10].  

To better understand the H-Ca-terminated CaO(111) surface described above, we 

identify the most stable surface configuration after the arrival of “first” Ca atomic 

layer through a comparative study of the binding energy of surface hydrogen atom at 

different sites. Fig. 4 shows the DFT optimized configurations and the binding 

energies of a surface hydrogen atom at different sites. The hydrogen atom at the C site 
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is the most stable shown in Fig. 4 (c), and its binding energy is rather large, 3.56 

eV/unit cell, which is 0.38 eV/unit cell and 2.22 eV/unit cell larger than that at the A 

and B sites, respectively. For the case of surface hydrogen atom adsorbed at the C site, 

the interlayer spacing between the surface hydrogen layer and Ca layer is small, 1.00 

Å, which is 0.13 Å and 0.98 Å smaller than that at the A and B sites, respectively. 

After the arrival of “first” Ca atomic layer, it is not energetically favorable for surface 

hydrogen atoms to remain at the A site, preferring the C site. Thus, the newly formed 

H-Ca-terminated CaO(111) surface configuration is H(C)/Ca(B)/O(A)… . 

 

2. Water oxygen atom insertion in H-Ca-terminated CaO(111) top surface layer 

at wet oxidation 

As the water vapor is the sole oxidant of the H-Ca-terminated CaO(111) surface, 

we examined the dissociation of the water molecule and whether the oxygen atom is 

inserted into the top surface layer of the growing film. First, we address the initial and 

final configurations of the water molecule on the H-Ca-terminated CaO(111) surface. 

We looked for the metastable binding locations for a water molecule by locating the 

most likely adsorption sites on the surface and then relaxing the structure to each 

nearest local minimum of the potential energy surface (PES). As we can see from Fig. 

5(a)-(c), the water molecule is physisorbed at three possible sites on H-Ca-terminated 

surface, and the binding energies of water molecule at the A, B and C sites are 0.10 eV, 

0.24 eV and 0.12 eV, respectively. The structures of water molecule adsorption at the 

A or B site have geometries with the water oxygen atom directly above the A or B site, 
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and the water hydrogen atoms in the same plane that are directed towards two of the 

three nearest C sites. For water molecule adsorption at the C site, the water oxygen 

atom moves above the center of the ABC triangle. One water hydrogen atom is 

directed towards the C site, and the other water hydrogen atom is located above the 

water oxygen atom. As the difference of binding energies between the three 

physisorbed situations of water molecule discussed above is small (0.10~0.24eV), it 

does not allow us to distinguish them by stability. In this case, we consider the three 

physisorbed geometries as the initial configurations of water molecule physisorption 

on H-Ca-terminated CaO(111) surface.  

The most interesting result is the first-principles relaxed structure for the 

chemisorbed configuration: when the water molecule dissociates, the water OH group 

occupies the C site, a site where initially a surface hydrogen sits, and an H2 molecule 

is released (Fig. 5(d)). The OH group is chemisorbed at the C site in the final 

configuration, and the reaction energy for water is rather large, 1.78eV, which is 

1.54~1.68eV more favorable than the physisorbed configurations. This suggests that 

the dissociated configuration is thermodynamically favorable compared to the 

physisorbed configurations in the wet oxidation process. In this way, the water oxygen 

atom is inserted into the top surface layer, and the hydrogen atoms continuously 

reside on the surface throughout the wet oxidation process. In order to investigate how 

many water oxygen atoms can be inserted into the top surface layer, we calculated the 

reaction energy of the insertion of four water molecules in the top surface layer. This 

is a highly exothermic reaction, with 1.62eV evolved per water molecule. This 
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suggests that more water molecules can dissociate and OH groups occupy all the C 

sites on the H-Ca-terminated CaO(111) surface. Therefore after the deposition of the 

Ca layer and the wet oxidation process, the surface atomic configuration is identical to 

the one before the onset of the film growth, i.e. the OH-terminated CaO(111) shown 

in Fig. 1. 

To gain insight into the kinetics of the wet oxidation process, we calculated the 

energy barriers and the reaction pathways related to water molecule dissociation and 

water oxygen atom insertion into a H-Ca-terminated surface region at wet oxidation, 

using the initial and final configurations described above. By means of the CI-NEB 

method, we were able to find the MEP connecting the initial and final state of each 

reaction pathway. The calculation results show that the reaction scenarios and the 

transition states for the three possible reaction pathways are very similar, as shown in 

Fig. 6: The water molecule dissociates into an OH group and a hydrogen atom. In this 

process, the OH group moves to the C site, a site where a surface hydrogen sits 

initially. At the same time, the water hydrogen atom combines with this surface 

hydrogen atom resulting in a release of an H2 molecule. The energy barriers for three 

reaction pathways are rather small, 0.14eV, 0.31eV and 0.21eV, respectively, 

suggesting that a water molecule can easily dissociate and a water oxygen atom can 

be easily inserted into a H-Ca-terminated surface during the wet oxidation process at 

the experimental conditions, from 150oC to 450oC [11].  

Now, the presented calculations clearly show the growth scenario of 

surfactant-assisted growth in the presence of a water-based surfactant: On 
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OH-terminated CaO(111) surface, the surface hydrogen atoms spontaneously 

exchange position with the “first” deposited Ca atoms and locate above the newly 

formed Ca layer starting at the Ca coverage of 3/4 ML. Subsequently, the 

H-Ca-terminated CaO(111) surface undergoes oxidation in the presence of the water 

surfactant with energy barriers of 0.14~0.31eV. The water surfactant dissociates into 

an OH group and a hydrogen atom. The OH group moves to the C site, resulting in 

water oxygen atom insertion into the surface of the film. At the same time, a water 

hydrogen atom combines with a surface hydrogen atom originally at the C site 

resulting in a release of an H2 molecule. Though the energy barrier for dissociation of 

water surfactant at wet oxidation is rather small, we expect a failure to achieve a 

defect-free polar CaO(111) oxide film when the sample temperature is too low or the 

Ca deposition rate is too high. For common experimental conditions (above room 

temperatures), we expect the growth temperature is high enough to achieve a 

defect-free polar CaO(111) oxide film. On the other hand, as the water vapor is the 

sole oxidant of the H-Ca-terminated CaO(111) surface, a very low water partial 

pressure can not supply enough oxygen atoms during the growth process, leading to a 

transition to Ca metal deposition. In addition, as surface faceting and a grainy 

morphology have been observed in the preparation of other thin polar films, we 

expect that the results in this paper could be useful to investigate the growth of other 

polar surfaces, such as for metal oxides with perovskite structures.   

 

IV. Summary and conclusion 
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In conclusion, we have used first principles calculations to systematically 

investigate the surfactant-assisted growth of defect-free polar CaO(111) oxide film in 

the presence of water by means of alternate Ca deposition and wet oxidation of a 

H-Ca-terminated CaO(111) surface. Our calculations demonstrate that the water 

molecules not only play the role of a surfactant, by depositing hydrogen on the 

surface throughout the growth process, but also supply water oxygen atoms as an 

elemental constituent in the film with rather small energy barriers. The water 

dissociates on the surface and induces the continuous presence of hydrogen atoms in 

the surface region during the growth process, which dynamically stabilizes the polar 

CaO(111) surface and facilitates the growth of CaO films along the polar [111] 

direction with arbitrary thicknesses. The controlled growth of polar CaO(111) 

provides opportunities to create new types of artificial heterostructures that lead to 

new interface science and new technology concepts. Finally, the surfactant-assisted 

growth method applied currently to polar CaO(111) film can be extended to more 

complicated systems, such as BaTiO3 on Al1-xGaxN, to create new integration 

possibilities and thus a new ability to harness the associated functionality.  
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Figure Captions 

Fig. 1. (Color online) (a) Top view and (b) side view of the OH-terminated CaO(111) 

surface. In (a) and (b), three possible adsorption sites (A, B and C) are indicated. The 

(1×1) surface unit cell is shown by the black dashed line in (a). Big green (bright) 

spheres: Ca, big red (dark) spheres: O, small gray (bright) spheres: H. 

 

Fig. 2. (Color online) Perspective view of the Ca atomic adsorption geometry on (a) 

A, (b) B, and (c) C site at the OH-terminated CaO(111) surface. The corresponding 

binding energies of Ca atom are also shown and the binding energy of the most stable 

configuration is in bold. 

 

Fig. 3. (Color online) Perspective view of optimized surface geometry after deposition 

of (a) 1/4, (b) 1/2, (c) 3/4, (d) 1 ML Ca atoms at the OH-terminated CaO(111) surface.  

 

Fig. 4. (Color online) Perspective view of the surface geometries of the 

H-Ca-terminated CaO(111) surface with hydrogen atom at (a) A, (b) B, and (c) C 

sites. The corresponding binding energies of surface hydrogen atom are also listed in 

this picture and the binding energy of the most stable configuration is in bold. 

 

Fig. 5. (Color online) Perspective view of the water molecule physisorbed geometries 

(IA, IB, IC) on H-Ca-terminated CaO(111) surface with water molecule at (a) A, (b) B, 

and (c) C sites. (d) Perspective view of the water molecule chemisorbed geometry (F) 
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on H-Ca-terminated CaO(111) surface. The corresponding binding energies of water 

molecule on the surface are also shown. 

 

Fig. 6. Different MEP for water molecule at (a) A, (b) B, and (c) C sites dissociation 

and water oxygen atom insertion in H-Ca-terminated surface region during wet 

oxidation. Insets show the transition states of each reaction pathway. 
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Fig. 1 
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Fig. 3 
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Fig. 6 
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