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Abstract
The energy dependence of surface reactions has been investigated through ab
initio MD simulations for collisions between Al1+ and a gibbsite surface. No
change in surface composition was observed for 0 eV initial kinetic energy of
Al1+. An increase in energy to 3.5 eV resulted in extended surface migration
of hydrogen, subsequent H2 formation and desorption from the surface. These
results may be understood based on thermodynamics and an increase in entropy
upon H2 formation. They are of fundamental importance for an increased
understanding of thin film growth through the correlation between ion energy
and film composition. They may also indicate a pathway to affect impurity
incorporation during film growth.

(Some figures in this article are in colour only in the electronic version)

Alumina exhibits advantageous properties suitable for applications in wear and corrosion
protection [1, 2] and as diffusion barriers [3]. Thin films can be produced by a wide spectrum
of vacuum based vapour deposition techniques, which all are characterized by the presence
of residual gas. In high vacuum growth systems H2O is the most abundant residual gas [4],
and a source of hydrogen. Previous studies have shown hydrogen incorporation in alumina
thin films [5]. Furthermore, it is well known that bulk alumina forms hydroxides [6]. The
unintentional incorporation of hydrogen affects the composition and microstructure [7, 8], and
hence the material properties [7]. It is therefore desirable to enable growth excluding this
incorporation. The amount of hydrogen in strontium titanate films was shown to be strongly
affected by substrate temperature [8]. In addition to substrate heating, energy can also be
supplied to the growing film through ion bombardment. This was exemplified in a Monte
Carlo study [9] on oxygen desorption induced by incident ions on a Ti surface. However,
the effect of ion energy on hydrogen incorporation has to our knowledge never previously
been investigated. Here, an ion–surface collision event is simulated, investigating the energy
dependence of surface reactions including hydrogen.
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Figure 1. (a) Topview of the topmost surface segment with marked collision site. (The different
colours represent the different atomic species, and the hollow symbols are introduced to discern
the bombarding Al ion and two of the surface hydrogen atoms.) (b) Sideview of the same surface
segment.

Ab initio molecular dynamics (MD) is an alternative to the widely used classical MD,
where instead of empirical potentials the electronic structure is explicitly treated. This
enables the description of many-body forces, electronic polarization and bond-breaking and
forming events. Ab initio MD simulations of ion–surface collisions has previously shown
a strong energy dependence of the formed local structural disorder [10]. In this letter, the
corresponding first principles MD simulations within density functional theory (DFT) are
presented, investigating collisions between an Al1+ ion and a gibbsite, Al(OH)3, surface. The
effect of ion energy on the hydrogen configuration was studied, and we present evidence
for collision induced H2 removal. This may be understood by considering thermodynamic
principles. The results are of fundamental importance for an increased understanding of ion
energy versus film composition.

The hydrogen terminated (001) surface was chosen for the study, which is the
experimentally observed preferential cleavage surface [11]. An Al1+ ion (the most abundant
ion in an arc plasma at elevated pressures [12, 13]) was initially positioned 2.2 Å above a
horizontal O–H bond; see the topview of the topmost surface segment with marked collision
site in figure 1(a). (The particles marked with hollow symbols are the bombarding Al1+

and two hydrogen atoms further discussed below.) The surface was modelled in a supercell
approach, consisting of 10 atomic layers (112 atoms), where the five bottom layers were
fixed to simulate bulk conditions. Test calculations prior to previous studies of ion–surface
interaction [10, 14] were assumed to be valid also for the present investigation, considering
a larger cell size and an increased number of atoms in the cell for this study. The ab initio
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Figure 2. (a) The configuration after 0.375 ps, for 0 eV initial energy of the bombarding ion.
(b) The configuration after 0.375 ps, for 3.5 eV initial energy of the bombarding ion.

MD simulation was carried out in the microcanonical ensemble within the framework of DFT,
using the program package from Accelrys Inc. [15]. The choice of ensemble is justified by
the thin film growth related condition of a constant number of particles N , constant volume
V and conserved energy E during an ion–surface collision. The nuclear motions were treated
by solving the Newtonian equations using the velocity Verlet propagator [16]. The electronic
orbitals were represented by a plane wave expansion up to a cutoff energy of 260 eV, with 1 k-
point (generally sufficient for nonmetallic systems [17]) generated according to Monkhorst–
Pack [18]. Local density approximation (LDA) was used for exchange interaction between
the electrons, and electron–ion interaction was described by an ultrasoft pseudopotential in the
Kleinman–Bylander form [19]. Furthermore, the initial temperature of the system was set to
330 K.

A sideview of the initial geometry of the topmost surface layers is shown in figure 1(b).
The Al1+ ion was assigned an initial kinetic energy (in the vertical direction) of 0 and 3.5 eV,
and in subsequent simulations the temporal evolution of the ion/atom positions were studied in
time steps of 1 fs. With an initial energy of 0 eV, the Al1+ ion was attracted towards the surface,
and incorporated in the surface layer; see figure 2(a), corresponding to the configuration after
0.375 ps. In contrast, the 3.5 eV ion–surface bombardment changed the surface composition;
see figure 2(b). The Al+ ion approached the surface, stayed in the top surface layers, and caused
(after ∼0.3 ps) H2 desorption from the surface. The corresponding simulation trajectories of the
molecule forming hydrogen are shown in figure 3,with final coordinates equal to those shown in
figure 2(b) using periodical boundary conditions. Both simulations were continued for 0.5 ps,
but no further changes in surface composition were observed. When comparing the final surface
configurations, more outward relaxation is observed for the unchanged surface composition,
consistent with previously reported findings of H dependent relaxation of hydrogen terminated
α-Al2O3 surfaces [20].
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Figure 3. The simulation trajectories of the molecule-forming hydrogen (hollow symbols in
figure 2(b)), for 3.5 eV initial kinetic energy of the bombarding Al1+ ion.

When the Al1+ ion is assigned 0 eV initial kinetic energy, it will move towards the
surface due to attraction. Investigating the subsequent ion–surface collision in more detail, an
adsorption induced surface relaxation is observed. A single-point-energy calculation in the
gradient corrected approximation (GGA) for the initial and final (after 0.5 ps) configuration of
the system shows a decrease in energy by 8.4 eV. However, the internal energy of the system
is here conserved, meaning that there is a corresponding increase in kinetic energy. Energy
supplied to a surface through an ion surface collision may enable bond breaking and surface
migration. The kinetic energy in this case is evidently not enough to initiate surface migration
to an extent to enable hydrogen molecule formation.

As the kinetic energy of the bombarding ion is increased to an initial energy of 3.5 eV, more
surface migration is observed. This is exemplified in figure 4(a), comparing the interatomic
distance during the simulations between the two surface hydrogen atoms marked in figures 1
and 2: the interatomic distance decreases around 0.25 ps, leading to bonding and molecule
formation. The subsequent molecule desorption from the surface is illustrated in figure 4(b),
comparing the hydrogen atom–surface distance during the simulations. Also here, surface
relaxation upon the Al adsorption (and hydrogen desorption) is observed. The calculated
(single point energy calculation, GGA) potential energy difference between the initial and final
configuration is 10.4 eV, which is 2 eV higher than the previous configuration where there is no
change in surface composition upon collision. This may indicate a reaction towards a potential
energy minimum of the system upon molecule formation and removal from the surface, and is
consistent with entropy increase as the system approaches equilibrium. However, a study of
the oscillation in energy for the last 0.1 ps of the simulation shows a standard deviation from
the average kinetic energy of 1.11 and 0.94 eV for the case of 3.5 and 0 eV initial Al+ energy,
respectively. A corresponding fluctuation can therefore also be expected for the potential
energy.

The results presented above can be understood based on thermodynamics. The Gibbs
free energy is the thermodynamic potential of the thermal–isobaric constant-NPT ensemble,
where N is the number of particles, P is the pressure, and T is the temperature, respectively.
Because of the boundary conditions (constant NVE), the appropriate thermodynamic potential
for the microcanonical ensemble can be reduced to the entropy [21], and hence corresponds
to the function that has its extreme value at thermodynamic equilibrium. Consequently, as the
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Figure 4. The interatomic distance during the simulation, between the two surface hydrogen atoms
marked with hollow symbols in figure 1 and 2.

simulation system evolves towards equilibrium, an entropy increase is expected. The results
of the simulation can be explained by an activation energy for bond breaking and surface
migration being supplied in the 3.5 eV initial kinetic energy simulation, in contrast to the
kinetic limitation observed in the low energy simulation. The migration enables H2 formation.
It is straightforward to appreciate that a solid to gas transformation corresponds to an increase
in entropy.

The notion presented here that unintentional incorporation of residual gas in thin films can
be affected by ion bombardment is highly relevant for all deposition techniques including low
energy ions, such as plasma assisted CVD [22] and PVD. Furthermore, in a recent study of the
effect of gas pressure on the ion energy in cathodic arc plasma, Al1+ was found to be the most
abundant ion at elevated oxygen pressure. This is exemplified in figure 5, with the fraction
of the ions having an energy of >3.5 eV being about 90%. Film depositions of Al2O3 in the
same system [23] showed very low hydrogen incorporation (<0.25 at.%), which supports the
notion presented here of affecting hydrogen incorporation by ion bombardment.

In summary, the effect of ion energy on surface reactions has been investigated for
collisions between an Al1+ ion and a gibbsite surface. Ab initio MD within density functional
theory was used for this purpose. For 0 eV initial kinetic energy of Al1+, no change in surface
composition was observed. An increase in energy to 3.5 eV showed extended surface migration
of hydrogen, with subsequent H2 formation and desorption. These results may be understood
by thermodynamic principles, where the kinetic energy transferred to the surface facilitates
bond breaking and migration, to enable an increase in entropy through gas formation. These
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Figure 5. Ion energy distributions for Al1+ and Al2+ in an Al arc plasma at 8 × 10−3 Torr O2.

results are of fundamental importance for an increased understanding of thin film growth
through the correlation between ion energy and film composition. They may also indicate a
pathway to affect impurity incorporation during film growth.
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