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Abstract—Porous anodic alumina (PAA) oxide layers have 

been deposited on TiN/SiO2/Si by both the vacuum evaporation 
(VE) and RF magnetron sputtering (MS) techniques. The 
deposition technique dependence of the pore size at the surfaces 
of the anodic aluminum oxide (AAO) membranes has been 
investigated after two step anodization process. The nanochannel 
arrays of AAO membranes were characterized with scanning 
electron microscopy (SEM), atomic force microscopy (AFM) and 
Fourier transform infrared attenuated total reflectance (FTIR-
ATR) analysis. Chemical composition and film structural 
properties were investigated by x-ray photoelectron spectroscopy 
(XPS) and high resolution x-ray diffraction (HR-XRD) analyses. 
It is shown that uniform pore density in AAO templates is 
obtained using Al films deposited using RF sputtering technique. 

 
Index Terms— AAO, PAA, RF magnetron sputter, Vacuum 

evaporation. 
 

 
I.  INTRODUCTION 

 
Nanotechnology has emerged as the future of electronic 

development with applications drawing from vastly different 
fields encompassing applied physics and chemistry, electrical, 
computer science and mechanical engineering, sensor, 
memory and biological technology [1-3]. Fabrication of 
nanocomposites is a major challenge that the industry faces 
today and the development of appropriate and specialized 
templates is a priority. Surface processing by the formation of 
thick barrier aluminum oxide has been historically, 
comprehensively exploited by the industries [4]. Porous 
anodic alumina (PAA) templates have recently started 
attracting attention owing to its inexpensive method of 
fabrication; it facilitates self-organized production without the 
use of expensive lithographical tools such as e-beam 
lithography. The PAA has been favored due to its potential 
application as a scaffold platform in optoelectronic, sensor, 
magnetic and electronic devices [5-8]. Free standing open 
pores with high aspect ratio have been profoundly studied for 
their use as molds to synthesize nanoscale metal, 
semiconductor and insulator arrays deposited by various 
methods like chemical bath deposition, atomic layer 
deposition and electrodeposition [9-14]. CNT, Si and ZnS 
nanowires have been fabricated [15-17] with remarkable 
improvement observed in their functionality and properties 
due to the quantum size effect. 

Masuda et al. [18] in 1995 reported superior (highly 
ordered) porous oxide film array using relatively inexpensive 
two-step potentiostatic method of anodization of Al which 
yields an ideal honeycomb structure and organized cell 
arrangement on longer duration of anodization at 40V. These 

hard templates having homogeneous morphology exhibit 
parallel pore growth perpendicular to the surface of template. 

Self-aligned PAA template formation is a complex electro-
chemical process which results in compact honeycomb cell 
structure with perfectly aligned cylindrical pores having 
diameters ranging from several hundred down to several tens 
of nanometers. Density and geometry can be controlled 
through the anodization parameters such as acid type, 
concentration, bath temperature, time, current and voltage [4, 
19, 20]. The electrolyte pH majorly determines whether the 
anodized layer will be porous (<5) or barrier type (>7) 
whereas the acid species determine the size and geometrical 
arrangement of the ordered nanohole array. The porous 
membrane formed by anodization at temperatures above 60oC 

were thin, fragile and non-protective, while anodization at low 
temperatures typically between 0 to 5°C results in thick, 
compact and hard oxides [21]. Apart from electrolyte pH, 
anodization time, voltage and current; the nucleation, growth 
and size of hemispherical shaped pores are dictated by the 
effects of random surface defects, such as pits, impurities, 
scratches and grain boundaries. These are reported to be the 
preferred sites for the hemispherical depressions and hence 
influence the PAA architecture during anodization process 
[22-24]. PAA template is synthesized by maintaining 
conditions of high voltage and low current with acidic 
electrolytes used for pore generation majorly being oxalic, 
phosphoric and sulfuric acid with oxalic acid yielding superior 
porosity and regularity [25]. Large domains of defect free 
regions appear though significant defects are found at the 
boundaries of these domains. Membranes anodized in sulfuric 
acid have been found to exhibit lower flexibility, hardness and 
abrasion resistance while anodization in phosphoric acid 
results in significantly higher cell or pore diameters. 

Despite extensive investigation into the formation 
mechanism of PAA, the exact mechanism of pore formation 
in AAO is still under contention though the electrolyte’s 
potential to perpetuate a sturdy flow of the Al3+ ions into the 
electrolyte from the metal substrate is considered to be the 
most decisive factor for the generation of porous oxide. The 
growth of aluminium oxide at the metal/oxide interface is due 
to transport of Al3+, OH- and O2－ ions within the alumina film. 
Loss of Al3+ ions is controlled by the dual mechanism of 
direct discharge due to applied field and the dissolution of the 
accumulating oxide layer. In the regions with higher current 
density, under the influence of applied electric field, a larger 
dissolution rate can exist. It has been reported by Nielsch et 
al. that 10% of porosity is required independent of the 
anodization conditions to form an ordered porous hexagonal 
array [26]. 

 



Self-assembly of the array is driven by the repulsive forces 
between neighboring pores. Volumetric expansion caused 
elastic stress controls the expanse of the uniformity and 
creates the perfect cylindrical and hexagonal arrangement in 
AAO self-organization process; depending upon the 
fabrication constrains, pore densities range from 108 to 1012 
pores per cm2 [27]. The type of Al substrate undergoing 
anodization is also a dominant factor in regulating the pore or 
cell arrangement and uniformity. While it has been proved 
that Al films deposited by vacuum evaporation have a more 
granular and rough microstructure while magnetron sputtering 
produces a more homogeneous and microhard surface, the 
effect of these structural differences on the morphology of the 
respective anodized films is yet to be established [28]. 

This paper investigates the subsequent microstructure of 
both vacuum evaporated (VE) and magnetron sputtered (MS) 
aluminum thin films used for PAA array formation. 
Deposition dependence is further investigated under constant 
electrolytic conditions and anodization duration for 
profoundly understanding AAO characteristics in terms of its 
morphology and pore diameters. 
 

II. EXPERIMENTAL DETAILS 
 

This investigation is performed using p-type Si <100> 
wafer of resistivity of 15-20 Ω-cm, as starting substrate. After 
standard cleaning (RCA) process, wet thermal oxidation is 
employed to grow ~ 250-300 nm SiO2 layer for substrate 
isolation, maintaining O2 gas flow at ~103 cc/min and 
temperature about 900oC. TiN layer was deposited through 
RF magnetron sputtering on the SiO2/Si structure in Ar 
ambient for 10 minutes to serve as bottom electrode and 
strengthen adhesion to Al. The working pressure during 
deposition was kept at ~1.3 mbar with 100 W RF power, then 
the formed sample is ready for subsequent Al coating through 
magnetron sputtering (MS) and vacuum evaporation (VE). 

TiN/SiO2/Si substrate is subjected to RF sputter for Al 
deposition, keeping power at 100 W and working pressure at 
~1.3 mbar in presence of unreactive Ar gas. Aluminium is 
also deposited on an identical sample through VE; pressure of 
deposition chamber is kept at ~10-6 mbar. 
 

 
 

FIG.1. Schematic of the experimental setup used to produce PAA. 

Schematic of the experimental setup of anodization used 
for the fabrication of PAA is shown in Fig. 1. The RF and VE 
samples are subjected to the first step of anodization in 0.3 M 
oxalic acid when a 40V dc bias is applied for 30 minutes; then 
the anodized film is removed using etchant solution consisting 
of phosphoric acid (wt. 6%) and chromic acid (wt. 2%) at 
60oC for 1 min in order to produce hemispherical depressions 
on the surface and obtain a consistent and uniform nucleation 
array through self-ordered pore formation. The second 
anodization step was performed to obtain electrochemically 
treated samples under similar atmosphere for 2 hours. The 
anodization process was performed in a chamber maintained 
at ~5°C, necessary for the fabrication of the porous 
membrane. 

 
III.  RESULTS & DISCUSSIONS 

 
Agilent HP 34401A digital multimeter is used for 

monitoring current in the electrolysis system. LabVIEW 
program was used for data acquisition through monitoring the 
current, voltage and time in the anodization cell. Figure 2 
shows different stages through the typical current vs. time (I-t) 
behavior exhibited in the first step of anodization of both the 
RF and VE samples. Influence of the Al layer deposition 
method is investigated by I-t graph; RF sputtered Al layer on 
anodization exhibits five different regions while for the VE 
sample, the plot displays just the first four regions. 

In the first stage of anodization of the RF sample; initial 
conductivity of the sample is high which drastically reduces 
with time as the initial surface devoid of any oxide layer, 
forms an even oxide on the entire surface of the substrate 
within a few minutes or seconds. Increase in anodization 
current testifies to the initiation of hemispherical depressions 
by dissolution of the oxide layer at random nucleation sites in 
second stage, the increase in current and thus decrease in 
overall resistance occurring as a result of reduction of the 
oxide layer thickness; this stage lasts for a few minutes. In 
third stage of the anodization process equilibrium is achieved 
between dissolution and oxide formation and self-ordered 
pore formation is exhibited at nucleated sites with pore 
diameter and cell size getting regulated. With the completion 
of third stage  current  starts  to  reduce gradually and  reaches  
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FIG.2. I-t curves of first step anodization of AAO/TiN/SiO2/Si for 
vacuum evaporated and RF sputtered samples. 
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close to zero, as the metal/oxide interface reaches the bottom 
TiN layer. Al present on the substrate is consumed to produce 
a transparent oxide membrane; fourth stage can extend from 
several minutes to hours.  Due to disruption of the barrier 
oxide, current increase is established during the fifth stage of 
anodization. In this step electric field assisted dissolution 
creates void in the inverted barrier layer at the nucleation 
sites, most probably due to oxygen bubbles at the PAA/TiN 
interface [29]. 

I-t behavior of VE samples demonstrates only the first four 
stages of anodization. Stage I is the formation stage where 
anodization at constant voltage results in consistent oxidation 
of the substrate’s surface demonstrated by an acute fall in the 
value of current. Abrupt increase in current is observed in 
stage II for a few minutes, surface irregularities and defects 
primarily determine the intensity of electric field on the oxide 
layer, resulting in electric field assisted dissolution. Due to 
larger grain size and rough microstructure of the deposited Al 
layer, dissolution starts significantly earlier, even before the 
oxide layer has spread uniformly in contrast with earlier RF 
sputtered sample. Poor quality of the vacuum evaporated Al 
sample results in the precocious dissolution, as a result of 
which, the rise in the current is exhibited. Stage III begins 
with the completion of the ongoing oxidation process 
disrupted by the dissolution, within few minutes the 
equilibrium is achieved in oxidation and dissolution; further 
anodization causes migration of oxide ions from the pore’s tip 
with  high electric field  towards the pore wall. PAA templates 
thus formed are not uniform or ordered. Stage IV comprises 
the prolonged oxidation to develop self-aligned, regular pore 
formation, the oxidation reaches completion and current 
continuously diminishes finally reaching about zero. 

The chemical bonding states of PAA membrane was 
investigated by x-ray photoelectron spectroscopy (XPS) 
analysis. The XPS measurements were performed under an 
ultra-high vacuum (~10-10 torr) conditions at room 
temperature using VG Microtech ESCA-2000 XPS system. 
The data acquisition was done using MgKα (1253.6 eV) 
excitation source radiation at an angle of 30° between the 
analyzer axis and the sample normal with a pass energy of 50 
eV with an energy resolution of 0.1 eV. In Fig. 3a Al2p 
spectra is displayed with peak corresponding to the Al-O 
bonding (74.6 eV). O1s spectrum is shown in Fig. 3b, it 
consists of the main peak at 531.3 eV for O1s of Al-O bond. 
Electrochemical formation of Al2O3 can deduced from the 
XPS analysis. 
 

 
 

FIG.3. XPS of (a) Al2p electrons and (b) O1s electrons in the 
AAO layer. 
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FIG.4 X-ray diffraction pattern of anodized RF sputtered (MS) 
and vacuum evaporated (VE) aluminum. 
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FIG.5 FTIR-ATR spectra of anodized RF sputtered (MS) and 
vacuum evaporated (VE) aluminum. 

 

 
 

FIG.6. SEM images for (a) MS and (b) VE deposited samples 
after two step anodization. 

 
In order to examine the crystalline properties of the as 

grown AAO, HR-XRD analysis was carried out using 
Panalytical High Resolution XRD, PW 3040/60 with Cu-Kα 
radiation at 40 kV and 300 mA, and the x-ray incident angle 
at 2° (Grazing angle). GIXRD data were recorded at 20mA in 
the 2θ scanning range of 20 to 80° using a constant step width 
of 0.05°. Figure 4 shows the XRD patterns of as-grown AAO  
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FIG.7. AFM 2D topology of electrochemically treated AAO/TiN 
on SiO2/Si films are grown from (a) magnetron sputtering and (b) 
vacuum evaporation. 

 
films where the lack of any diffraction peak indicates that the 
AAO film is amorphous in nature. 

The structural analysis of the as grown PAA was 
performed using FTIR-ATR (Agilent Cary 630) for wave 
numbers ranging from 3200 to 700 cm−1. Figure 5 shows the 
measured FTIR-ATR spectra of the both MS and VE PAA 
samples. The spectrum of the measured AAO membrane 
exhibits a peak at 1453 cm-1, which is close to the reported 
values [30,31], signifying the formation of Al2O3 after the 
anodization under established electrochemical conditions. 

In order to confirm the formation of ultra-small nanopores, 
we used SEM (Zeiss Auriga FIB-SEM) to characterize the 
PAA samples. The SEM images of two step anodized MS and 
VE samples show that the pore proportions are substantially 
higher in the VE samples as shown in Figs. 6a and 6b, 
respectively. This may be due to the coarser, non-
homogeneous and granular surface coating having pores and 
cracks, resulting from vacuum evaporation of Al. Because of 
the substantially larger number of defects or pores in the 
surface topology of the VE samples, pore nucleation occurs at 
these defect sites readily and randomly. Inhomogeneous 
sputtering of TiN cannot be the reason for defects because the 
MS sample was also prepared in the same way, and no 
porosity in Al structure was observed. Irregular pore 
formation is observed in VE sample in comparison with MS 
samples where even and uniform distribution is observed 
owing to the periodic and highly ordered fissure array that 
forms the nucleation sites for the AAO after the first 
anodization step. This phenomenon is also observed from 
AFM (NanoSurf EasyScan 2) surface analysis as shown in 
Figs. 7a and 7b after the second anodization. To understand 
the surface morphology the AFM study was performed in 
non-contact mode (Si3N4 tip) with a scanning area of 
10µm×10µm. Measurement was done at multiple locations for 
better accuracy. The microstructure of MS sample showed 
less surface roughness compared to VE sample. 

 
IV. CONCLUSIONS 

 
Growth characteristics of porous anodic alumina fabricated 

from Al films deposited using magnetron sputtering and 
thermal evaporation are reported. The formation of PAA 
membrane on both the samples is verified by SEM and AFM; 
similar chemical composition is also established by XPS and 
FTIR-ATR. The results of the investigation reveal that the 
ultra-fine Al coating with microhardness is  produced  by  RF 
sputter thus anodized sample exhibits superior and ordered 
pore arrays. The pore size, uniformity and density distribution 

is found to be more controllable and favorable in case of the 
RF sputtered Al films. 
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