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Ab initio molecular dynamics of Al irradiation-induced processes during
Al2O3 growth
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Al bombardment induced structural changes in �-Al2O3 �R-3c� and �-Al2O3 �Fd-3m� were studied
using ab initio molecular dynamics. Diffusion and irradiation damage occur for both polymorphs in
the kinetic energy range from 3.5 to 40 eV. However, for �-Al2O3�001� subplantation of impinging
Al causes significantly larger irradiation damage and hence larger mobility as compared to �-Al2O3.
Consequently, fast diffusion along �-Al2O3�001� gives rise to preferential �-Al2O3�0001� growth,
which is consistent with published structure evolution experiments. © 2011 American Institute of
Physics. �doi:10.1063/1.3570650�

Alumina �Al2O3� exhibits many polymorphs, ranging
from thermodynamically stable �-Al2O3 �space group R-3c�
to various metastable crystallographic modifications, such as
�-Al2O3 �space group Fd-3m�.1 The structure of �-Al2O3 is
still disputed upon.2 Generally, alumina is a stiff, refractory
compound with commercial relevance.3–5 �-Al2O3 is nowa-
days widely used for instance in surface protection applica-
tions as well as microelectronics.6,7 On the other hand,
�-Al2O3 is exceedingly valuable in catalysis.8 For many of
these applications, it is imperative to form thin films. It is a
common practice to synthesize thermodynamically stable
�-Al2O3 at temperatures �1000 °C using chemical vapor
deposition,9 but this high thermal load restricts the range of
possible substrates and hence hinders widespread applica-
tions. To reduce the deposition temperature, ion-assisted syn-
thesis methods have been used.10–13 From these studies, it is
apparent that the understanding of the effect of the energetic
bombardment on the phase formation of alumina is central
for further development of experimental methodologies that
would in turn facilitate a decrease in the temperature limit for
the growth of �-Al2O3. It has been suggested that energetic
bombardment affects �i� nucleation of various Al2O3
polymorphs,14 �ii� bulk and surface diffusion,10,12,15 and �iii�
incorporation of impurities.10 All these factors may in turn
control the phase formation. In our previous work, we have
used a monoenergetic Al+ beam to synthesize �-Al2O3 at
energies of 40 eV.16 It has been shown, using Monte Carlo
simulations, that in this energy range a fraction of Al+ ions is
subplanted into the growing film highlighting, in addition to
the above mentioned factors, the role of subsurface processes
for the phase formation of Al2O3.16 However, the effect of
the ion irradiation in this energy range on the structure evo-
lution of Al2O3 has not yet been explored on the atomic and
electronic level.

Molecular dynamics �MD� has been beneficial for unrav-
eling physics of ion-surface processes on the atomic level in
many systems.17–22 In the case of alumina, there are some
MD studies available. For instance, Rosén et al.15 have
showed that bombardment of O-terminated �-Al2O3�0001�

with 3.5 eV Al+ results in local structural disorder. However,
no phase transitions were identified. Interestingly, the same
ion energies were reported to be responsible for removal of
hydrogen from a gibbsite surface.23,24 It is excepted that
larger ion energies induce changes significant for structure
evolution. For instance, 20 eV N2

+ ions have been argued to
alter the preferred orientation of TiN from �111� to �001�.25

Furthermore, in diamondlike carbon subplantation has been
shown to promote sp3 bonding.19

In this work, �-Al2O3�0001� and �-Al2O3�001� are bom-
barded with Al at 330 K using ab initio MD simulations and
structural changes are observed. Diffusion and damage occur
for both polymorphs in the kinetic energy range from 3.5 to
40 eV. This energy range has been chosen based on our pre-
vious experimental report,16 where evidence for subplanta-
tion of impinging Al in �-Al2O3, which in turn causes sig-
nificantly larger irradiation damage and hence larger mobility
as compared to �-Al2O3, is presented. We suggest that Al
bombardment induced fast diffusion along �-Al2O3�001�
gives rise to preferential �-Al2O3�0001� growth, which is
consistent with the previously reported structure evolution
experiments.16

Ab initio MD was performed using the OPENMX code,26

based on the density functional theory27 and basis functions
in the form of linear combination of localized pseudoatomic
orbitals.28 The electronic potentials were fully relativistic
pseudopotentials with partial core corrections29,30 and the
generalized gradient approximation was applied.31 The basis
functions used were generated by a confinement scheme28,32

and specified as follows: Al6.0 s2p2 and O4.5 s2p1. Al and O
designate the chemical name, followed by the cutoff radius
�Bohr radius units� in the confinement scheme, and the last
set of symbols defines primitive orbitals applied. The con-
finement radii as well as the basis set were carefully checked
with respect to basic elemental data, such as equilibrium vol-
ume and bulk modulus. The energy cutoff �150 Ry� and
k-point grid �1�1�1� within the real space grid technique33

were adjusted to reach the accuracy of 10−6 H /atom. Ca-
nonical ensembles at 330 K �slightly above room tempera-
ture due to irradiation from plasma� were used to simulate Al
bombardment of alumina slabs �vacuum thickness 10 Å�
containing 392 and 420 atoms for O-terminated
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�-Al2O3�0001� and Al–O terminated �-Al2O3�001�, respec-
tively. Monoenergetic Al+ beams are readily available in fil-
tered cathodic arc deposition, which allows for a direct com-
parison with experiments.16,34 Structural description of �-
and �-Al2O3 bulk/surfaces was adopted from literature.35–37

The MD time step was 1.0 fs and the total MD simulation
time was 400 fs, namely 100 fs for surface relaxations and
300 fs after bombardment events. These MD time scales are
large enough to model fast irradiation-induced processes, ac-
cording to a previous study.15

We start the discussions with ion-surface interactions for
�-Al2O3�0001�. Figure 1 shows the structure evolution for
this particular surface upon 40 eV bombardment with Al. It
is clear that substantial irradiation-induced damage occurs.
Many O-surface atoms are displaced in this MD snapshot at
300 fs. To evaluate the irradiation-induced damage of
�-Al2O3�0001�, we have calculated the mean square dis-
placements before and after Al bombardment. The mean
square displacement for �-Al2O3�0001� bombarded with 40
eV Al is 2.48 Å2. This indicates that some bonds may be
broken and rearranged. However, there is no evidence for
substantial diffusion. We have also analyzed the electronic
structure before and after Al bombardment using electron
density distributions and Mulliken analyses. The nature of
chemical bonding is conserved. The 3.5 eV bombardment
case has already been addressed in literature.15 We have also
simulated 3.5 eV bombardment of Al2O3�0001� and obtained
consistency with Rosén et al.15 in terms of the maximum
displacements. Furthermore, the mean square displacement
for �-Al2O3�0001� bombarded with 3.5 eV Al is 0.45 Å2.
Since �-Al2O3�0001� is O-terminated during vapor phase
condensation in the presence of O2, unlike �-Al2O3�001�
which is known to exhibit a mixed termination,37 the bom-
bardment of O-surface sites with and without underlying Al
can be studied. However, all irradiation studies on
Al2O3�0001� were performed for O without underlying Al so
that possible irradiation damage is maximized. We observe
larger irradiation-induced surface damage for the 40 eV case.
In both cases, �-Al2O3�0001� is damaged, but there is no
evidence for phase transitions or substantial diffusion.

In the case of bombardment of �-Al2O3�001� with
Al, considerable differences occur in comparison with
�-Al2O3�0001�. Figure 2 shows the structure evolution for
�-Al2O3�001� upon 3.5 and 40 eV bombardment with Al. It

is apparent that substantial irradiation-induced damage oc-
curs. A significant fraction of surface atoms are displaced in
all MD snapshot at 300 fs. Most importantly, subsurface lay-
ers are affected for all cases to a larger extent. It is obvious
that more damage occurs for larger kinetic energy. To evalu-
ate the irradiation-induced damage of �-Al2O3�001�, we
have calculated the mean square displacements before and
after Al bombardment. The mean square displacement for
�-Al2O3�001� bombarded with Al is 20.05 Å2, 24.76 Å2,
and 23.27 Å2 for 3.5 eV Al at site I, 40 eV Al at site I, and
40 eV Al at site II, respectively. This indicates that a signifi-
cantly larger fraction of bonds may be broken and rearranged
as compared to �-Al2O3. Hence, more pronounced diffusion
may occur for �-Al2O3 than �-Al2O3. We have also analyzed
the electronic structure before and after Al bombardment.
The nature of chemical bonding is conserved.

We have analyzed the temporal evolution of the penetra-
tion range of Al interacting with �-Al2O3�0001� and
�-Al2O3�001� surfaces. Figure 3 shows the relative
z-coordinate of impinging Al with respect to surface of both
polymorphs as a function of time. The maximum penetration
for impinging Al with 3.5 eV and 40 eV onto �-Al2O3�0001�
is 0.71 Å and 1.87 Å and its final position at 300 fs is 2.07 Å
and 2.20 Å above the pristine surface, respectively. For the
�-Al2O3�001� case, we observe a site and kinetic energy de-
pendence. As Al impinges onto O �site I� with 3.5 eV, the
maximum penetration is 1.20 Å, while the penetration depth
after 300 fs is 0.49 Å only. As the kinetic energy increases
from 3.5 to 40 eV, two effects can be observed. The maxi-
mum penetration increases to 3.82 Å. The penetration depth
after 300 fs is still 3.17 Å, which in turn implies that sub-
plantation of the impinging Al occurs. For the site II �surface
Al� and kinetic energy of 40 eV, the maximum penetration is
1.83 eV, while the penetration depth after 300 fs is 0.77 Å.
Obviously, subplantation occurs for �-Al2O3�001�, but not
for �-Al2O3�0001�. To justify that 300 fs is large enough

FIG. 1. �Color online� Structure evolution of O-terminated �-Al2O3�0001�
upon 40 eV bombardment with Al. An arrow indicates the bombardment
site. Large and small spheres designate Al and O atoms, respectively.

FIG. 2. �Color online� Structure evolution of Al–O terminated �-Al2O3�001�
upon 3.5 and 40 eV bombardment with Al. Arrows indicate two bombard-
ment sites probed. Large and small spheres designate Al and O atoms,
respectively.

111908-2 Music et al. Appl. Phys. Lett. 98, 111908 �2011�

Downloaded 12 Aug 2011 to 130.236.83.30. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



time to grasp the underlying atomic mechanisms, we have
extended the simulation time to 700 fs in the case of
�-Al2O3�001�, site II, 40 eV �see inset in Fig. 3�. The fluc-
tuation in the z-coordinate of impinging Al within 110 and
290 fs continues for the additional simulation time. Hence, it
is reasonable to assume that 300 fs simulation time is suffi-
cient. Based on the results from these MD simulations, we
propose the following growth scenario. Impinging Al with a
kinetic energy of 40 eV is subplanted and preferentially irra-
diation damages the �-Al2O3 grains. At the same time, the Al
bombardment triggers a more pronounced diffusion in these
grains. Anisotropic diffusion in these two polymorphs may
result in larger residence time of adatoms in �-Al2O3 than in
�-Al2O3 grains. Assuming that both polymorphs nucleate on
the substrate surface, fast diffusion along �-Al2O3�001�
causes preferential �-Al2O3�0001� growth. This mechanism
may explain the experimentally observed structure evolution
of Al2O3 as a function of kinetic energy of impinging Al.16

In summary, we have studied irradiation-induced pro-
cesses during alumina growth using ab initio MD at 330 K.
We have correlated Al bombardment of �-Al2O3�0001� and
�-Al2O3�001� with structure evolution thereof. Independent
of kinetic energy of impinging Al and irradiated surface site,
diffusion and local structural disorder occur. Contrary to
�-Al2O3�0001�, �-Al2O3�001� exhibits kinetic energy and
site dependence. For �-Al2O3, subplantation of impinging
Al causes extensive irradiation damage and hence larger
mobility as compared to �-Al2O3. It is expected that this
finding has consequences for the structure evolution. If
both polymorphs nucleate on the substrate surface, the Al
bombardment induced mobility is proposed to enable fast
diffusion along �-Al2O3�001� giving rise to preferential
�-Al2O3�0001� growth. This work is relevant for design of

experimental strategies to decrease the deposition tempera-
ture of �-Al2O3.

This work was supported by the German Research Foun-
dation �DFG� under project Schn 735/14-2.

1I. Levin and D. Brandon, J. Am. Ceram. Soc. 81, 1995 �1998�.
2G. Paglia, C. E. Buckley, A. L. Rohl, B. A. Hunter, R. D. Hart, J. V.
Hanna, and L. T. Byrne, Phys. Rev. B 68, 144110 �2003�.

3R. G. Munro, J. Am. Ceram. Soc. 80, 1919 �1997�.
4J. R. Gladden, J. H. So, J. D. Maynard, P. W. Saxe, and Y. L. Page, Appl.
Phys. Lett. 85, 392 �2004�.

5R. Nowak, T. Manninen, K. Heiskanen, T. Sekino, A. Hikasa, K. Niihara,
and T. Takagi, Appl. Phys. Lett. 83, 5214 �2003�.

6P. J. Kelly and R. D. Arnell, J. Vac. Sci. Technol. A 17, 945 �1999�.
7M. Aguilar-Frutis, M. Garcia, and C. Falcony, Appl. Phys. Lett. 72, 1700
�1998�.

8S. Wang, A. Y. Borisevich, S. N. Rashkeev, M. V. Glazoff, K. Sohlberg, S.
J. Pennycook, and S. T. Pantelides, Nature Mater. 3, 143 �2004�.

9J. Laimer, M. Fink, C. Mitterer, and H. Störi, Vacuum 80, 141 �2005�.
10R. Snyders, K. Jiang, D. Music, S. Konstantinidis, T. Markus, A. Rein-

holdt, J. Mayer, and J. M. Schneider, Surf. Coat. Technol. 204, 215
�2009�.

11E. Wallin, T. I. Selinder, M. Elfwing, and U. Helmersson, EPL 82, 36002
�2008�.

12O. Zywitzki, G. Hoetzsch, F. Fietzke, and K. Goedicke, Surf. Coat. Tech-
nol. 82, 169 �1996�.

13Y. Yamada-Takamura, F. Koch, H. Maier, and H. Bolt, Surf. Coat. Tech-
nol. 142–144, 260 �2001�.

14P. Jin, G. Xu, M. Tazawa, K. Yoshimura, D. Music, J. Alami, and U.
Helmersson, J. Vac. Sci. Technol. A 20, 2134 �2002�.

15J. Rosén, J. M. Schneider, and K. Larsson, Solid State Commun. 134, 333
�2005�.

16K. Sarakinos, D. Music, F. Nahif, K. Jiang, A. Braun, C. Zilkens, and J.
M. Schneider, Phys. Status Solidi �RRL� 4, 154 �2010�.

17D. Adamovic, E. P. Münger, V. Chirita, L. Hultman, and J. E. Greene,
Appl. Phys. Lett. 86, 211915 �2005�.

18H. Feil, Phys. Rev. Lett. 74, 1879 �1995�.
19S. Uhlmann, Th. Frauenheim, and Y. Lifshitz, Phys. Rev. Lett. 81, 641

�1998�.
20D. E. Hanson, J. D. Kress, A. F. Voter, and X.-Y. Liu, Phys. Rev. B 60,

11723 �1999�.
21N. A. Marks, Phys. Rev. B 56, 2441 �1997�.
22P. Träskelin, N. Juslin, P. Erhart, and K. Nordlund, Phys. Rev. B 75,

174113 �2007�.
23J. Rosén, E. Widenkvist, K. Larsson, U. Kreissig, S. Mráz, C. Martinez, D.

Music, and J. M. Schneider, Appl. Phys. Lett. 88, 191905 �2006�.
24J. Rosén, K. Larsson, and J. M. Schneider, J. Phys.: Condens. Matter 17,

L137 �2005�.
25D. Gall, S. Kodambaka, M. A. Wall, I. Petrov, and J. E. Greene, J. Appl.

Phys. 93, 9086 �2003�.
26T. Ozaki and H. Kino, Phys. Rev. B 72, 045121 �2005�.
27P. Hohenberg and W. Kohn, Phys. Rev. 136, B864 �1964�.
28T. Ozaki, Phys. Rev. B 67, 155108 �2003�.
29N. Troullier and J. L. Martins, Phys. Rev. B 43, 1993 �1991�.
30P. E. Blöchl, Phys. Rev. B 41, 5414 �1990�.
31J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865

�1996�.
32T. Ozaki and H. Kino, Phys. Rev. B 69, 195113 �2004�.
33J. M. Soler, E. Artacho, J. D. Gale, A. Garcia, J. Junquera, P. Ordejon, and

D. Sanchez-Portal, J. Phys.: Condens. Matter 14, 2745 �2002�.
34A. Atiser, S. Mráz, and J. M. Schneider, J. Phys. D: Appl. Phys. 42,

015202 �2009�.
35D. P. Sigumonrong, D. Music, and J. M. Schneider, Comput. Mater. Sci.

50, 1197 �2011�.
36G. Gutiérrez, A. Taga, and B. Johansson, Phys. Rev. B 65, 012101 �2001�.
37S. Blonski and S. H. Garofalini, Surf. Sci. 295, 263 �1993�.

FIG. 3. �Color online� Relative z-coordinate of bombarding Al with respect
to pristine surface of �-Al2O3�0001� and �-Al2O3�001� as a function of MD
time. Only last 300 fs are shown corresponding to relaxations after Al bom-
bardment. Site I and site II correspond to O and Al surface atoms of
�-Al2O3�001�, respectively. For site II of �-Al2O3�001�, additional 400 fs
are considered and the data are provided as an inset.

111908-3 Music et al. Appl. Phys. Lett. 98, 111908 �2011�

Downloaded 12 Aug 2011 to 130.236.83.30. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1111/j.1151-2916.1998.tb02581.x
http://dx.doi.org/10.1103/PhysRevB.68.144110
http://dx.doi.org/10.1111/j.1151-2916.1997.tb03074.x
http://dx.doi.org/10.1063/1.1773924
http://dx.doi.org/10.1063/1.1773924
http://dx.doi.org/10.1063/1.1635983
http://dx.doi.org/10.1116/1.581669
http://dx.doi.org/10.1063/1.121156
http://dx.doi.org/10.1038/nmat1077
http://dx.doi.org/10.1016/j.vacuum.2005.08.018
http://dx.doi.org/10.1016/j.surfcoat.2009.07.019
http://dx.doi.org/10.1209/0295-5075/82/36002
http://dx.doi.org/10.1016/0257-8972(95)00270-7
http://dx.doi.org/10.1016/0257-8972(95)00270-7
http://dx.doi.org/10.1016/S0257-8972(01)01206-3
http://dx.doi.org/10.1016/S0257-8972(01)01206-3
http://dx.doi.org/10.1116/1.1513641
http://dx.doi.org/10.1016/j.ssc.2005.01.041
http://dx.doi.org/10.1002/pssr.201004133
http://dx.doi.org/10.1063/1.1940122
http://dx.doi.org/10.1103/PhysRevLett.74.1879
http://dx.doi.org/10.1103/PhysRevLett.81.641
http://dx.doi.org/10.1103/PhysRevB.60.11723
http://dx.doi.org/10.1103/PhysRevB.56.2441
http://dx.doi.org/10.1103/PhysRevB.75.174113
http://dx.doi.org/10.1063/1.2193044
http://dx.doi.org/10.1088/0953-8984/17/15/L01
http://dx.doi.org/10.1063/1.1567797
http://dx.doi.org/10.1063/1.1567797
http://dx.doi.org/10.1103/PhysRevB.72.045121
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRevB.67.155108
http://dx.doi.org/10.1103/PhysRevB.43.1993
http://dx.doi.org/10.1103/PhysRevB.41.5414
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevB.69.195113
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1088/0022-3727/42/1/015202
http://dx.doi.org/10.1016/j.commatsci.2010.11.020
http://dx.doi.org/10.1103/PhysRevB.65.012101
http://dx.doi.org/10.1016/0039-6028(93)90202-U

	Ab initio molecular dynamics of Al irradiation-TitlePage.pdf
	ApplPhysLett

