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Anodic porous alumina has broad applications for fabricating self-assembled nanostructures,
for which atomistic understanding of ionic transport at pore surfaces is indispensable. Here,
molecular-dynamics simulation of amorphous alumina with a cylindrical pore under electric field
shows correlated anion (oxygen)-cation (aluminum) transport at the pore surface, as opposed to
ordinary drift motion in the bulk. In particular, this phenomenon leads to “inverted” cation
transport at the surface. Detailed analyses of simulation data reveal atomistic mechanisms of the
correlated transport based on surface-structural relaxation and covalent oxygen-aluminum bond
networks. These transport mechanisms have significant implications for alumina anodization

processes. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4742869]

Anodic porous alumina' has broad applications in the
self-assembly of nanostructures for fabricating various devi-
ces such as nanowire solar cells,2 fuel cells,3 energy storage,4
and resistive random access memories.” In this technology,
a regular array of cylindrical pores is formed, when alumi-
num is electrochemically oxidized (anodized) in certain solu-
tions, and a thin barrier layer of alumina separates the pores
from the aluminum. The fabrication technology for the an-
odic porous alumina has matured to the extent that the pore
radius and depth are precisely controlled by the magnitude
and duration of the applied electric field. In order to under-
stand the microscopic mechanisms underlying this precise
control, various theoretical and simulation studies have been
performed. For example, a recent continuum simulation
study shows that the viscous flow plays an important role in
the formation of self-ordered anodic porous alumina struc-
tures.’ However, the current feature size is on the order of
10-100nm, and fabricating structures with finer features
would require atomistic-level control. In particular, atomistic
understanding of ionic transport at pore surfaces is indispen-
sable for finer control of nanostructures.

Molecular dynamics (MD) simulations are ideally suited
for studying atomistic dynamics underlying materials defor-
mation, plasticity, and flow. For example, a recent MD study
of amorphous silica revealed a unified underlying atomistic
mechanism for these processes, i.e., motion of under-
coordinated silicon and oxygen defects that migrate by
switching bonds in string-like processes.® Alumina surfaces
have been studied by MD (Refs. 9 and 10) simulations, and
first principles MD simulations were performed to study the
structure and dynamics of amorphous alumina.'"'? Further-
more, MD simulations'” along with x-ray diffraction experi-
were performed to study the structure of normal
and super-cooled liquid alumina.

In this paper, we perform MD simulation to study the
ionic transport under an electric field in amorphous alumina
(Al,0O3) with a cylindrical pore. The simulation results reveal
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surface-specific ionic transport phenomena, including
enhanced oxygen transport and inverted aluminum transport
at pore alumina surfaces.

Schematic of simulation setup is shown in Figs. 1(a) and
1(b). System size is 27.0nm x 27.0nm x 16.0nm with
periodic boundary conditions in the x-, y-, and z-axes. Melt-
quench procedure is used to prepare bulk amorphous alu-
mina with a density of 3.0 g/cm?, and subsequently atoms
within a radius of 2 nm are removed to produce a cylindrical
pore parallel to the z-axis. The interatomic potential incorpo-
rates ionic and covalent effects through a combination of
two- and three-body terms.'®

Initially, the system is heated up to 700 K, during which
the radius of the pore changes to about 5nm due to surface
relaxation. After thermalization at temperature 700K for
10ns, an electric field of 1.0 V/nm is applied in the z direc-
tion.'” The external force exerted on the i-th atom by the
electric field E is

Fi =gk, (1

where ¢; is the charge of the i-th atom taken from the intera-
tomic potential parameters.'®

To study the drift mobility of Al and O ions at bulk and
pore-surface regions, we first divide the system into cubic
cells with a side length of 0.3 nm, and compute the displace-
ments of Al and O in each cell as
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FIG. 1. (a) Snapshot of the simulated amorphous alumina structure with a
cylindrical pore, where the yellow and red spheres indicate Al and O atoms,
respectively. (b) Schematic of the simulated system.

© 2012 American Institute of Physics


http://dx.doi.org/10.1063/1.4742869
http://dx.doi.org/10.1063/1.4742869

063106-2 Hattori et al.

(z(t) =zt =0))/N% @

(iea)a(iecell)

AZE-:Bl(f ) =

where o (=Al or O) is the ionic species, z,(¢) is the z coordinate
of the i-th atom at time ¢, and NCZ” is the number of ions of spe-
cies o in the cell. Figures 2(a) and 2(b), respectively, plot the
calculated spatial distribution of Al and O displacements pro-
jected on the xy plane by averaging the displacements along
the z-axis. The figures show distinct displacements at the pore
surface from those in the bulk.

Figure 2(c) shows the averaged Al and O displacements
within the pore-surface and bulk regions as a function of
time, where the surface region is defined as that within 1 nm
from the cylindrical pore center (see the dashed lines in Figs.
2(a) and 2(b)). In the bulk region, we observe ordinary drift
mobility, i.e., Al and O move in parallel and antiparallel to
the electric field, respectively. The magnitude of Al displace-
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FIG. 2. Spatial distribution of atomic displacement projected on the xy plane
for (a) Al and (b) O ions. Red and blue colors indicate parallel and antiparal-
lel motions to the direction of the applied electric field, respectively. The
dashed lines indicate the boundary between the surface and bulk regions. (c)
Displacements of Al (blue) and O (red) ions in the z direction in the surface
(solid lines) and bulk (dashed lines) regions.
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ment is larger than that of O in the bulk. This is understand-
able since Al has the larger charge than O (AI’" as opposed
to O?7), and hence the larger force exerted on it by the elec-
tric field, while its smaller ionic radius causes less steric hin-
drance. The most striking feature in Fig. 2(c) is the inverted
Al transport at the pore surface (see the blue solid line, which
shows negative displacement). Namely, Al ions on the sur-
face drift in the opposite direction to that in the bulk.
Another notable feature is that O is more mobile at the sur-
face compared to Al. This is in contrast to the bulk region,
where O is less mobile than Al (as shown in Figs. S1(a) and
S1(b) in the supplementary material,'® displacements of
atoms in the radial direction have much smaller magnitudes
than those in the z-direction.)

To understand the mechanism underlying the unusual Al
transport at the pore surface, we calculate the spatial distri-
bution of the atomic charge and dipole moment. To do so,
we again discretize the space into 1 nm cubic cells and com-
pute the charge ¢..; and dipole d..; of each cell as

Geen = Y af (r!), 3)

iccell

deen = Z qit'if (1), “

iccell

where r; is the position of the i-th ion, r..; is the center of
the cell, r/ =r; —r.y, and r/ =Ir/l. The charge and dipole
moment of the cell are weighted averages of the contribu-
tions from individual ions using a radial weight function

{ flr)=1
f(r) = exp(=(r —rc)/2)

r<r.
r>r &)
with a cutoff radius of 7. =1.0nm and a decay parameter of
A=0.3nm.

Figures 3(a) and 3(b) show the calculated charge and
dipole-moment distributions, respectively, which are pro-
jected on the xy-plane by averaging along the z-axis. In Fig.
3(a), the color indicates the charge per unit volume, and in
Fig. 3(b) the magnitude of the dipole moment is color-coded,
while its magnitude and direction are, respectively, repre-
sented by the length and direction of the arrows. The charge
distribution in Fig. 3(a) shows that the pore-surface region is
negatively charged. Accordingly, the dipole moments at the
surface in Fig. 3(b) are directed outward radially. This result
is consistent with previous MD simulation,'® in which oxygen
atoms are exposed at an amorphous alumina surface to make
a negatively charged surface. Also, previous quantum-
mechanical (QM) calculations show considerable surface
relaxation on Al,O5; (0001) surface, where the surface O
atoms are displaced outward relative to surface Al atoms.'**

We also calculate the radial profile of the stoichiometry by
averaging the local charge in a concentric shell of thickness
1.0 nm around the center of the pore. The result in Fig. 4 reveals
an oxygen-rich stoichiometry, O/Al ~ 3 at the surface, as com-
pared to the bulk value of 3/2, reflecting the negative charged
pore surface. This result is consistent with magic-angle-
spinning (MAS) and multiple-quantum magic-angle-spinning
(MQMAS) nuclear magnetic resonance (NMR) experiments,21
which indicate that the surface layers and the bulk of porous
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FIG. 3. Spatial distribution of the charge (a) and dipole moment (b) pro-
jected on the xy plane.

alumina are composed of [AlO¢] and [AlO4 and AlOs], respec-
tively. Namely, the pore surface is more oxygen rich compared
to the bulk.

In network glasses such as alumina and silica, cations
and anions are covalently bonded, and ionic transport is dic-
tated by their correlated motions.® At the negatively charged
pore surface, the majority ionic current carrier (O) tends to
drag the minority carrier (Al) with them, resulting in Al
motion that is opposite to the bulk Al motion. This in turn
generates a shear Al flow between the surface and bulk. The
velocity field in Fig. S2 in the supplementary material'®
shows the resulting complex flow pattern near a pore surface.
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FIG. 4. Local stoichiometry (i.e., the ratio between the numbers of O and Al
atoms) as a function of the distance from the cylindrical center.

Appl. Phys. Lett. 101, 063106 (2012)

Such a complex flow pattern arising from cation-anion corre-
lation is not considered in continuum simulations of viscous
flow during the formation of self-ordered anodic porous alu-
mina structures.” Similar atomistic correlation effects may
provide refined constitutive relations and nontrivial boundary
conditions to such continuum simulations.

In QM (Refs. 19 and 20) and variable-charge MD (Refs.
22 and 23) simulations, Al and O atoms at alumina surfaces
are shown to have slightly smaller magnitudes of charge. To
examine how the reduced surface atomic charges modify the
results obtained by the fixed-charge MD method described
above, we have performed another set of simulations using
the reactive force field (ReaxFF),24 which incorporates vari-
able charges depending on the local stoichiometry based on
the electronegativity equalization approach.”” Figure S3 in
the supplementary material ° compares the spatial distribu-
tion of charge and dipole moment calculated by the MD and
ReaxFF-MD methods. Although with a reduced magnitude,
the ReaxFF-MD result still exhibits negative charges at the
pore surface as in the MD case. Figure S4 plots the spatial
distribution of Al and O displacements projected on the xy
plane by averaging the displacements along the z-axis. The
ReaxFF-MD result exhibits the inverted Al motion as in the
MD result in Fig. 2. Namely, the surface-specific ionic
motions found in our MD simulation are not likely artifacts
of the interatomic potential.

In summary, our MD simulation has revealed a surface-
specific ionic transport phenomenon under an electric field at
an anodic porous alumina surface. It is caused by the stoichi-
ometry difference that exposes a negatively charged surface.
This phenomenon may play an important role in nanoionics-
based porous alumina growth mechanisms to control self-
assembly processes.
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