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INTRODUCTION

Porous alumina is used in microelectronics as an
interlevel insulator in the systems of multilayer inter�
connection elements in integrated circuits [1]. The use
of an ordered cellular structure of this material in
nanoelectronic circuits is also of particular interest
[2–5]. The structure of porous alumina undergoes
self�organization when it forms during electrochemi�
cal anodic oxidation of aluminum at high forming
voltages [6, 7]. In this case, the electric field increases
locally inside the barrier layer of porous alumina at the
boundary with an electrolyte during anodizing, which
influences the anodic process kinetics and the order of
a formed porous structure. The purpose of this work is
to study the structure of porous anodic alumina, to
refine a structural model, to calculate the electric field
distribution inside the barrier layer of porous alumina,
and to propose a mechanism to explain the self�orga�
nization of hexagonal alumina cells at a high voltage
during the anodic process.

EXPERIMENTAL

Porous alumina films were formed in electrolytes
based on an aqueous solution of oxalic acid with a
concentration of 0.05–1 M at an electrolyte tempera�
ture of 24 ± 2°C. Anodizing was carried out at a high
voltage, from 90 to 250 V, and the anode current den�
sity was 50–200 mA/cm2. To perform an anodic pro�
cess at a high voltage and anode current, we used
anodizing in the meniscus region or local anodizing
with a photolithographic mask [8, 9]. The geometric

sizes of alumina cells were determined by scanning
electron microscopy.

POROUS LAYER MODEL

The porous layer was represented in the form of
close�packed hexagonal alumina cells each of which
consists of a hexagonal prism with a cylindrical pore at
the center and a barrier layer at the boundary with a
metallic surface (Fig. 1) [10]. The barrier layer is the
space between the lower base of the hexagonal prism
and a spherical segment. A single cell is described by
the following structural parameters: R0 is the radius of
the spherical segment of the pore bottom, RS is the
radius of the spherical segment of the hexagonal cell at
the oxide–metal interface, α0 is half the angle of the
spherical cone of the pore bottom, αS is half the angle
of the spherical cone of the oxide–metal interface, L is
the center distance between pores, and d is the pore
diameter.

Let us consider these parameters in more detail.
For example, the angle of the spherical cone at the
oxide–metal interface is 2αS. To calculate it, we con�
sider a right�angled triangle with side L/2 and hypote�
nuse RS. Then, we have

(1)

and, correspondingly,

(2)
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By analogy, we obtain

(3)

The area of the segment of a sphere Ssegm is calcu�
lated as

(4)

where hsegm is the height of the segment of a sphere and
Rsegm is the radius of the segment of a sphere.

Here, the difference between the area of the seg�
ment of a sphere and the real boundary area of the bar�
rier layer of a single cell (the projection of which on a
horizontal plane is a hexahedron) is neglected.

The height of the segment of a sphere hsegm is calcu�
lated through its radius Rsegm and angle αsegm,

(5)

Then, the area of the segment of a sphere is

(6)

Correspondingly, the area of the segment of a
sphere of the pore bottom is

(7)
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The minimum electric field in the barrier layer of
the porous alumina cells is estimated using the formula
for a homogeneous field,

(8)

where ε is the permittivity of anodic alumina (equal
to 8) [10].

Since all lines of forces of the electric field meet at
the pore bottom, the electric field distribution in the
barrier layer can be expressed as

(9)

where Rsegm = RS – r takes the values from R0 to RS.
When making a substitution, we derive the follow�

ing final formula to calculate the electric field distribu�
tion inside the barrier layer:

(10)

where r changes from 0 to RS – R0.
To illustrate the calculation results, we introduce

new dimensionless quantity Δx, which characterizes
the position of a point inside the barrier layer begin�
ning from the pore bottom (Δx = 0) to the boundary
between the barrier layer and aluminum (Δx = 1) (i.e.,
Δx is the ratio of the distance between the point and
the pore bottom to the barrier layer thickness),

Then, the final formula takes the form

(11)

where Δx changes from 0 to 1.
The numerical calculations of the spatial distribu�

tion of the electric field in experimental structures
were carried out using the COMSOL Multiphysics
software package by solving Poisson’s equation for a
given configuration of conducting and dielectric
regions and by solving the geometric problem of calcu�
lating the ratio of the areas of the spheres in the barrier
layer with various radii of these segments.

RESULTS AND DISCUSSION

Figure 1 shows micrographs of the cross section of
porous alumina cells formed in oxalic acid electrolytes
of various concentrations. They show that the porosity
decreases with decreasing oxalic acid concentration in
an electrolyte, which indicates an increase in the local
electric field strength inside anodic alumina.
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Fig. 1. Micrographs and the corresponding schematic
images of the cross section of the porous alumina cells
formed in oxalic acid electrolytes of various concentra�
tions ((a) 1 M H2C2O4, (b) 0.2 M H2C2O4, (c) 0.05 M
H2C2O4) at a voltage of 90, 160, and 250 V, respectively.
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Figures 1a–1c also schematically depict porous
alumina cells for a porosity of 10, 3, and 1%. The table
gives the conditions of formation and the structural
parameters of the porous oxide films, which were used
to calculate the electric field distribution inside the
barrier layer of porous alumina with various configura�
tions of hexagonal cells. Note that the porosity range
obtained for each electrolyte covers 1, 3, and 10%,
respectively.

Figure 2 shows the results of calculating the electric
field distribution for three barrier layer configurations,
the parameters of which are presented in the table
(average values were used for the calculation). The
abscissa is the relative position of a point inside the
barrier layer: zero corresponds to the electrolyte–bar�
rier layer interface, and unity corresponds to the
metal–barrier layer interface.

The calculation results demonstrate that the elec�
tric field in the barrier layer at the interface with an
electrolyte is more than an order of magnitude higher
than the electric field at the barrier layer–aluminum
interface (Fig. 2). Thus, the barrier layer–electrolyte
interface at the pore bottom is the “hottest” place.

Figure 3 depicts the results of calculating the elec�
tric field inside porous alumina with a porosity of
1.2%. The discrepancy between the results of calcula�
tions performed by different methods does not exceed
10%, which indicates a sufficiently high reliability of
the calculation results. Moreover, it should be noted
that the porous alumina films with a porosity of 1.2%
were formed at an electric field of about 1010 V/m.
Such a high value cannot be obtained in bulk materi�
als: this effect is only observed in nanostructures. In
this case, the electric field approaches the intra�
atomic electric field (~1011 V/m) [10]. Fundamentally
new effects, as in the case of nonlinear optics, appear

in such nanostructures [11]. In particular, we observed
microplasma patterns in the form of bright points in
the field of an optical microscope during the anodic
process (Fig. 4). The lifetime of such microplasma
patterns is several fractions of a second, and their den�
sity increases with the voltage.

Note that microplasma patterns are only observed
when oxides with a porosity less than 1% form, when
the electric field at the pore bottom is higher than
1010 V/m. The appearance of such microplasma pat�
terns is thought to be preceded by the formation of
plasma nanoregions at sites with a high electric field.
These sites are located in the barrier layer of anodic
oxide near the pore bottom. These plasma nanore�
gions are thought to favor the self�organization of
porous anodizing due to their localization strictly at
the center of the formed hexagonal cells. This assump�
tion is supported by the fact that the organization of
porous alumina is most pronounced at high voltages
before the formation of microplasma patterns, which
are localized in significantly larger regions and, thus,
break nanosized self�organization (Fig. 5). Plasma
nanoregions are invisible, since their sizes are smaller
than the resolution of the optical microscope. Such
plasma nanoregions can play the role of self�focusing
seeds for pore growth, which ensures self�organization
of the structure of the growing porous oxide. Note that
this phenomenon is analogous to the effect of self�
focusing of a light beam in nonlinear optics in an elec�
tric field of 1010–1011 V/m.

Another new effect, which appears during porous
anodizing of aluminum at a high voltage, is the anisot�
ropy of anode growth with a masking coating. This

Forming conditions and the structural parameters of porous
alumina

Elec�
trolyte Ua, V Rs, nm R0, nm L, nm d, nm P, %

0.05 M 250 280–320 30–40 480–520 50–70 1–2

0.2 M 160 190–230 30–40 330–370 50–65 2–3

1 M 90 130–150 35–45 210–250 65–75 8–10
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108

0 0.2 0.4 0.6 0.8 1.0
Relative distance from the pores bottom Δx, arb. units

Field intensity, V/m

Ua = 250 V

Ua = 160 V
Ua = 90 V

Fig. 2. Electric field distribution in the barrier layer from
the pore bottom (zero in abscissa) to the oxide–metal
interface (unity in abscissa) for the structures the parame�
ters of which are given in the table.
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Fig. 3. Schematic two�dimensional electric field distribu�
tion inside the barrier layer for the cross section of porous
alumina cells with configuration 1 from the table (logarith�
mic scale, V/m).
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anisotropy consists in a noticeable difference between
the anodic oxide growth rate in the vertical (Vvert) and
horizontal (Vhor) directions, which ensures the mini�

mum lateral drifts during the formation of the pattern
specified by a mask (mask in Fig. 6 is removed). Note
that porous anodizing at low voltages is isotropic: the
process rate in the horizontal and vertical directions is
almost the same [12].

The formation of aluminum interconnections in
integrated circuits using porous anodizing of alumi�
num at a high degree of anisotropy makes it possible to
use this process to produce VLSI metallization with a
submicron element size [13] and opens up fresh
opportunities for the integration of optical and metal�
lic interconnections on silicon chips [14].

Thus, our studies showed that the electric field in
local regions inside oxide during porous anodizing of
aluminum at a high voltage reaches 109–1010 V/m,
which can cause fundamentally new effects. These
effects can include the self�organization of a porous
structure, the appearance of microplasma patterns,
and an anisotropy of porous anodizing. Moreover,
other new effects are to be expected during aluminum
anodizing under conditions that ensure a high electric
field inside the barrier layer of porous oxide.

CONCLUSIONS

The calculation of the electric field created in alu�
mina during aluminum anodizing showed that it is
high in the barrier layer near the electrolyte–oxide
interface for structures with low porosity. The experi�
mental results demonstrate that such high fields cause
microplasma patterns emitting visible light at the pore
bottom, the self�organization of the structure of
porous alumina, and the anisotropy of local porous
anodizing.
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