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Nanoporous alumina formation in a thin magnetron-
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The magnetron sputtering technique was used for thin Al layer formation on Si wafers. 
The parameters of the sputtering process were experimentally estimated. The substrate 
temperature range of 9–12 °C was determined as most favorable for the deposition of uni-
form Al coatings. Thin, porous alumina layers with pore diameters close to 10–15 nm were 
formed by galvanostatic oxidation of sputtered coatings in an oxalic acid solution. A porous 
layer thickness of 40–60 nm was evaluated as close to that minimally needed for the fur-
ther surface finishing.
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IntroductIon

Conversion of solar energy to electricity is one of the most ur-
gent scientific and technical problems. Most of today’s solar 
cells (SC), assigned to the first generation, are based on crys-
talline silicon and till now remain one of the most promising 
patterns. The highest yield of planar monocrystall silicon SC 
with one p–n junction is 25% which is close to the thermody-
namic limit of ~30% [1]. A promising strategy for improving 
the efficiency of SCs is to orthogonize light absorption and 
charge separation directions. The structuring of SC surface 
by formation of nanodimensional wires, columns or pores 
would allow to achieve the mentioned aims.

In recent years, intensive studies of processes enabling to 
compose nanostructured metal or semiconducting forma-
tions on Si surface have been carried out. One of the promis-
ing processes used for the formation of ordered structures 
is the so-called spontaneous electrochemical self-assembly 
of porous alumina while anodizing pure metallic Al [2–4]. 
Under certain conditions, the anodic oxidation of aluminum 
in mineral or organic acids leads to formation of a porous 
hydrated oxide layer: a tidy structure (matrix), which con-
sists of densely packed hexagonal columnar cells with cyl-
inder pores in the center. A schematic view of such a porous 
alumina layer is presented in Fig. 1.

During electrolysis, nodi of pores are formed at the ox-
ide / electrolyte interface, and they develop perpendicular to 
the substrate surface [5]. There are several theories explain-
ing the initiation of pores and their self-assembly in the ox-
ide Al layer during anodizing. One of the first mechanisms of 
pore formation was proposed by Sullivan and Wood [6]. They 
further developed Hoar and Mott’s concept of field-assisted 
dissolution [7]. According to this theory, during Al anodiz-
ing, a strong external electric field “stretches” and breaks the 
Al–O bonds in the superficial layer of the Al oxide / solution 
interface. Therefore, metal dissolution is facilitated and the 
emerged lattice vacancies become the potential centers of 

Fig. 1. Scheme of porous alumina layer structure [2]
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pore formation. The electric field also promotes the growth of 
the porous layer, i. e. due to an increasing curvature of pores, 
the corresponding enhancement of the imposed electric field 
accelerates Al3+ emission into solution (Fig. 2). On the other 
hand, the barrier layer (compact alumina), which is formed 
at the pore walls and bottoms, brakes the growth of the oxide 
layer. Both competing processes – field-assisted dissolution 
and barrier layer formation – determine the overall kinetics 
of porous layer formation. Sullivan and Wood’s model was ex-
perimentally approved by many other authors.

of Al at higher temperatures of acids is increased, and a sub-
stantially thinner and less hard oxide layer is formed [14].

The problems of the pore self-assembly mechanism dur-
ing anodizing, pore formation and porous layer growth are 
equally important. According to Jessensky [15], mechanical 
tensions generated in a growing oxide layer cause the repul-
sive forces between the neighboring pores. The interaction 
between tension and repulsive forces induces the pores’ self-
regulation and self-assembly. On the basis of the alumina lay-
er empirical porosity degree ~1.4 (volume expansion of the 
aluminum during oxidation) in phosphorus, oxalic and sul-
furic acids, it was calculated that the corresponding compres-
sion forces should be equivalent to 4 GPa [16]. The essential 
influence of inward mechanical stresses during film growth 
on the generation of pores was emphasized by Skeldon et al. 
[17]. The above tensions originate from both film material 
(aluminum and oxygen ions) and solution ions’ displacement 
from the barrier layer towards the cell walls. The shape of the 
barrier surface, the power of the imposed electric field, field-
assisted ionic losses of the layer material to the electrolyte 
and the plasticity of the aluminum oxide may be interlinked 
and related to the external anodizing parameters.

The diameter of the formed pores (d) varied from a few 
to several hundred nanometers, and the depth might reach 
several microns. By anodizing over 100 µm, thick porous lay-
ers can be formed. Empirical dependences of pore diameter 
and the distance between them (L) on the electrolysis voltage 
were determined [18, 19]:

d ≈ (1.29 nm/V) × U (1)

L ≈ (2.5 nm/V) × U. (2)

Empirical dependence (2) is quite accurate in the voltage 
range U = 10–50 V, but a relatively large deviation was de-
termined over the range limits. The values of L significantly 
depend on electrolyte temperature and anodizing duration. 
Predictions according to formula (1) are less accurate. As is 
mentioned, the d values greatly depend on the nature of acid 
and oxide exposure time to the electrolyte.

Most works on porous layer formation were performed 
with relatively thick (several mm) bulk Al coatings. The an-
odizing of thin layers (<1 µm) is much less studied. From the 
practical point of view, it is also important to note that porous 
layer formation is usually only an “intermediate” stage in the 
sequence of Si surface nanostructuring procedures. For this 
reason, the thickness of the porous layer minimally needed 
for further finishing procedures (chemical or / and physical) 
is a point of significant interest. Also, it can be mentioned that 
the present work is the initial stage of works on the nano-
structuring of Si surface with p–n junction.

The goals of the study were: a) to form smooth thin porous 
alumina layers by anodic oxidation of magnetron-sputtered 
Al and b) to evaluate the thickness of the formed porous layer 
minimally needed for further nanostructuring procedures.

An alternative model of pore formation and layer growth 
was proposed by Shimuzu et al. [9]. According to this mech-
anism, new pores are formed due to tensile stresses in the 
oxide layer when the “barrier-type” growth transforms into 
the “porous-type” one. It is known that these oxide types 
are characterized by different Pilling–Bedworth ratios. Due 
to the difference in the molar volume of the above oxides, 
large local tensions in the layer emerge and cause cracks in 
the “weak” areas. Usually, the “weak” areas are surface micro-
defects (ridges, microcracks), lattice defects, dislocations, etc. 
The emerged micro / nanocracks are ‘healed’ while anodiz-
ing, but the oxide layer over these areas is much thinner. The 
formed oxide surface is uneven, and the locally thinner areas 
are preferential for pore initiation. 

The structure of the porous layer (diameter and distance 
between the pores) was determined to depend on anodizing 
conditions (the acid nature and solution pH, temperature, 
anodizing voltage (U) or current density (i) and nature (pu-
rity) of the substrate) [8, 10–13]. A porous layer of the prefer-
ential structure is formed when 25–30% of Al in the form of 
Al3+ passes into solution. These conditions are realized best in 
phosphorus, oxalic, sulfuric and chromic acids. The properties 
of a porous alumina layer are highly dependent on electro-
lyte temperature: more compact and hard layers are formed 
in solutions at a temperature 0–20 °C as compared to those 
formed at higher temperatures (>60 °C). The dissolution rate 

Fig. 2. A scheme of “field-assisted” formation of alumina porous layer [8]
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ExPErIMEntAL

Thin Al layers on Si wafers (20 × 20 mm) were deposited us-
ing a UNIVEX 350 magnetron-sputtering device (Leybold, 
Germany). This device is equipped with three confocal ST-
20 magnetrons (AJA International) and can operate both in 
DC (direct current) and RF (radio frequency) modes. Tar-
gets were prepared from highly pure Al (99.999%, Alfa Aesar 
GmbH). The anodizing of magnetron-deposited Al coatings 
was carried out in an electrochemical cell in a 0.3 M oxalic 
acid solution (pure p. a. CHEMPUR, Poland) at a temperature 
of 20 °C with an Agilent 6038 power supply source (USA). 
A special holder was designed to support coated silicon wa-
fers (Fig. 3). This arrangement prevents from an undesirable 
touch of the back (also covered with Al for test purposes) Si 
surface and electrical contacts with the acidic anodizing so-
lution. The working electrode (a circle of Al-coated Si wafer 
exposed to solution) area was 2 cm2. A platinum plate (20 
× 25 mm) was used as an auxiliary electrode.

After porous alumina layer formation, the rest of the bar-
rier layer at the bottom of pores was removed by chemical 
etching in 5 wt.% orthophosphoric acid solutions.

The composition of magnetron-sputtered coatings, the 
distribution of nanopores in Al oxide layers and Au nanocol-
umns on the Si surface were determined with an EVO-50-
XVP scanning electron microscope (SEM) (Carl Zeiss SMT 
AG, Germany). The thickness of coatings was evaluated with 
a Dektak 6M profilometer (VEECO, USA).

rESuLtS And dIScuSSIon

The first stage of the current study consisted of an empirical 
determination of the optimal sputtering parameters allowing 
deposition of thin amorphous (nanostructured) uniform Al 

Fig. 3. The holder used for anodizing thin Al layers sputtered on Si wafers. 
1 – main “body” of holder, 2 – Si wafer (disc) covered with sputtered Al, 3 – rub-
bish rings, 4 – holder’s sealant cap

layers on Si wafers. Before sputtering, the UNIVEX 350 device 
chamber was vacuumated to (1.2–1.6) × 10–6 mBar. After the 
chamber vacuumation was completed, it was filled with the 
operation gas (Ar), and the Si wafer surface (substrate) was 
cleaned with Ar+ ions in RF mode. The RF plasma discharge 
was maintained at a pressure of 6.5 × 10–3 mBar and 16 W of 
effective power for 5 minutes. Magnetron sputtering of the Al 
target was carried out in DC mode: the working gas pressure 

Fig. 4. SEM images of Al surfaces sputtered at 80 (a), 60 (b), 40 °C (c). a – Al coat-
ing potentiostatically anodized at 40 V for 4 min, b – Al coatings galvanostati-
cally anodized at 4 mA/cm2 (pore-developing voltage 44 V, duration 3 min) and 
c – Al coatings galvanostatically anodized at 3 mA/cm2 (pore-developing voltage 
43.5 V, duration 6 min)
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was ~1.3 × 10–3 mbar and the power of sputtering was main-
tained at ∼270 W. Though a high-quality Al coatings were de-
posited at a wide temperature range, it was determined that 
the ones best suitable for further amorphous porous layer 
formation were deposited at 9–12 °C of the substrate. Coat-
ings deposited at higher temperatures were not smooth, and 
this was an essential impediment to achieve an ordered pore 
distribution during the further anodizing. SEM images of the 
surface of Al coatings formed at 80, 60 and 40 °C and routine-
ly anodized are shown in Fig. 4. As one can see, large-scale 
aggregates are characteristic of the morphology of the sur-
faces, and though pores were formed on the aggregate plates 
and edges, the distribution of the former over the surface was 
not uniform.

As was experimentally determined, sputtering dura-
tion for the deposition of 100–500 nm thick Al coatings was 
10–25 min. For the best distribution of the Al layer thick-
ness over the Si surface, the substrate was rotated at 13 rpm, 
and the distance between the target and substrate was about 
~15 cm. A typical thickness distribution of sputtered Al 
coating on Si wafer in respect to the disc center is shown in 
Fig. 5 (curve 1). At the edges of coatings, its thickness dis-
crepancy was –14% to +24% in respect to the average one 
(the symbol “minus” means less thickness). It is obvious that 
layer thickness deviations at the edges of the wafers were 
determined by the construction of the sputtering device (as 
three confocal magnetrons in the chamber are situated at an 
angle to the substrate). The thickness ununiformity of Al de-
posits was reduced to –5% and +7% when the shield of the 
operational DC magnetron had been modified so that more 
of sputtered Al would reach the substrate (Fig. 5, curve 2). 

Also, 5–15 W power RF etching of the substrates was im-
posed simultaneously with DC sputtering, but no essential 
influence on the thickness distribution and pore diameters 
was determined.

Both potentiostatic and galvanostatic methods were 
used for anodizing sputtered Al coatings. The best patterns 
of alumina nanoporous layers were formed by the galvanos-
tatic anodizing method. The anodizing procedures were per-
formed in an oxalic acid solution with the commonly used 
electrochemical equipment. Si wafers coated with a thin Al 
layer were mounted in a special holder (Fig. 3) and placed in 
an electrochemical vessel filled with an oxalic acid electro-
lyte. To avoid spontaneous dissolution of Al in the acidic so-
lution, the working anodizing power had been applied to the 
sample before it was placed in the working vessel. A typical 
voltage dependence on the anodizing time of a thin Al layer 
on the Si substrate is shown in Fig. 6. As one can see, the mea-
sured dependence had four characteristic parts attributed to 
the following processes: 1) barrier layer formation, 2) pore 
formation, 3) development (growth) of pores and 4) begin-
ning of Si substrate oxidation. The power source (current) 
was turned off when Si dissolution began.

After electrochemical oxidation, alumina that remained 
at the bottom of pores was removed (chemically etched) in 
a 5 wt.% orthophosphoric acid solution. This procedure was 
performed in a separate vessel after the Si wafer sample had 
been dismounted from the anodizing holder. The volume of 
the pickling solution was about 200 ml, the solution tempera-
ture was 30 °C. The solution was stirred with a magnetic stir-
rer during sample etching. The etching time varied from 7 to 
30 min.

The composition of sputtered layers was controlled; the 
shape, distribution and size of alumina pores were evaluated 

Fig. 5. Distribution of sputtered Al layer thickness over the Si disc: 1 – Al coating 
deposited with a standard magnetron shield, 2 – Al coating deposited with a 
modified magnetron shield

Fig. 6. Voltage dependence on anodizing time (4 mA cm–2)
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by SEM. SEM images of the surface of porous layers formed 
in magnetron-sputtered Al coatings after anodizing in oxalic 
acid and chemical etching in H3PO4 solution are presented 
in Fig. 7. The anodizing and etching conditions of sputtered 
layers are given in figure captions. For the porous layer pre-
sented in Fig. 7a SEM image, the pore diameter ranged from 
~20 to ~45 nm and of the layer in Fig. 7b from ~10–15 to 
~25–30 nm. For both patterns, the anodizing current was 
4 mA/cm2. As is generally known, the diameter of pores and 
the distance between them mainly depend on the anodizing 
voltage (equations 1 and 2). The pore- developing voltage was 
46 V in the former case, and in the latter case it was essen-
tially lower – 18 V. During anodizing and chemical etching 
procedures, alongside with pore formation, coating dissolu-
tion (reduction) occurs. For example, the initial thickness 
of the sputtered Al coating presented in Fig. 7a was about 
180 nm. After the above procedures, the overall thickness of 
the porous Al oxide layer on the Si wafer was about 60 nm. 
The coating thickness decreased by about 100–120 nm dur-
ing chemical etching in orthophosphoric acid. Preliminary 

studies on the chemical deposition of metal nanocolumns 
in pores have shown that the 40–50 nm thickness of the po-
rous layer is enough for the needed structure formation. A 
notable phenomenon was determined in the etching of po-
rous Al layers in orthophosphoric acid: the pore diameter 
was slightly influenced by the duration of the above stage, al-
though this operation is often used for widening bulk (thick) 
Al pores.

concLuSIonS

1. The parameters of the magnetron-sputtering process of the 
formation of thin (100–500 nm) nanostructured Al layers on 
Si substrates were experimentally determined. The tempera-
ture range 9–12 °C of the substrate was evaluated as most 
favorable for the deposition of uniform nanostructured Al 
coatings.

2. Pores about 10–15 nm in diameter were formed by the 
galvanostatic anodizing of sputtered Al layers in oxalic acid.

3. A porous layer thickness of 40–60 nm was evaluated as 
close to that minimally needed for the further surface finish-
ing.
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nAnoPorIngo ALIuMInIo oKSIdo forMAvIMAS 
AL dAngoJE, nuSodIntoJE MAgnEtronInIo 
duLKInIMo MEtodu

S a n t r a u k a
Ploni Al sluoksniai buvo formuoti ant Si plokštelių pastovios srovės 
magnetroninio dulkinimo metodu. Empiriškai įvertinti optimalūs 
dangų nusodinimo parametrai. Nustatyta, kad substrato tempera-
tūrų diapazonas 9–12 °C yra palankiausias tolygioms Al dangoms 
formuoti. Ploni, porėti aliuminio oksido sluoksniai, kuriuose porų 
skersmuo apie 10–15 nm, buvo suformuoti oksalo rūgšties tirpale 
galvanostatinio anodavimo metodu. Nustatyta, kad tolesnėms pavir-
šiaus nanostruktūravimo procedūroms atlikti pakanka 40–60 nm 
storio poringos Al dangos.


