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In this study, we fabricated the electrolyte-insulator-metal sensor on the base of Si3N4 film-coated AAO template with variation
of the heat treatment time. The structural and electrochemical properties of AAO sensor were investigated for applications
in chemical sensors. Si3N4 layer was uniformly coated with the thickness of about 10 nm. Alumina layer, heat-treated for 10
h, crystallized from the amorphous phase to crystalline phase of γ-Al2O3, and the spacing of lattice plane of the oxide layer
was about 2.638 Å. The AAO sensor heat-treated for 10 h showed the good normalized C-V properties, and the set values of
the capacitance and the pH sensitivity were −0.3 V and 54.1 mV/pH, respectively.
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Introduction

The anodic aluminium oxide (AAO) template is
known for playing important role in the fabrication of
1D nanostructure, including nanotubes, nanowires
made of various materials [1-3]. AAO template consists
of a close-packed array of hexagonal cells, each
containing a central pore and it is advantage which the
pore size and the interval between pores can be easily
controlled by appropriately anodizing conditions, such as
electrolyte, voltage, time and temperature [4-6]. In
addition, AAO template has advantages such as good
chemical and thermal stability [7-10]. Therefore, using the
characteristics of AAO template, many studies have been
conducted for application of supercapacitors or sensors.
The ion-sensitive field-effect transistors (ISFETs) are an
electrochemical sensor that reacts to ionic activity at the
electrolyte/membrane interface of exposed gate window.
However, pH-ISFET devices up to now have been limited to
biomedical applications due to the necessity of a corrosion-
resistant encapsulation of the electrical connections against
the surrounding liquid [11]. To overcome these drawbacks,
many researchers have studied the chemical sensor of simple
capacitive electrolyte-insulator-semiconductor (EIS) structure,
which is corresponded to the gate region of an ISFET [Ref].
Recently, the structured or porous silicon structures with the
large active sensor surface have been studied for
miniaturization and high performance of the capacitive
EIS sensors [12]. 
In this work, a new concept for potentiometric

aluminium-based sensors has been developed using anodic

aluminium oxide (AAO) process. This porous electrolyte-
insulator-metal (EIM) structure should exhibit several
advantages compared to EIS structure: process for forming
a lower electrode is not necessary and the production cost
is low due to the simple fabrication process. We measured
the structural and electrochemical properties of EIM
sensors according to the heat treatment of AAO
template, and investigated the application as a transducer
material for chemical sensors or biosensors.

Experimental

High purity aluminum foils (99.999%, Alfa Aeser)
with a thickness of 0.5 mm were used as substrate. Prior
to anodization, the metal surfaces were degreased,
etched in ethanol solution and rinsed in distilled water,
then electropolished to obtain a smooth surface. The first
anodizing process was carried out in a 0.04 M oxalic
acid at 90 V for 1 h. The first anodized layer was
subsequently removed in a mixture of chromic acid and
phosphoric acid at 65oC for 3 h. The second anodizing
process was carried out in a 0.04 M oxalic acid solution
at 90 V for 3 min. After second anodizing process, the
pores are widened by etching in a 5 wt% phosphoric acid
solution at 45oC for 15min. And then the heat treatment
was carried out under various times in the range of 0-10 hr.
Si3N4 film, which used as the sensing layer of sensor
devices, was deposited by plasma enhanced chemical
vapor deposition (PECVD) technique onto the porous
AAO templates. AAO templates were characterized by
using X-ray diffraction (XRD) and transmission electron
microscopy (TEM). For pH measurements, technical
buffer solutions (Titrisol Merk) of pH 4-10 were used.
In order to examine the potentiometric response of the
sensors, the prepared samples can be easily mounted in
a home-made measuring cell sealed by an O-ring. The
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sensor was contacted on its front side by the electrolyte and
an Ag/AgCl reference electrode, on the rear side by a gold-
plated pin. To study the sensor characteristics, capacitance/
voltage (C/V) measurements were performed with LCR
meter (Fluke PM 6306). And for verify the potential to
biosensor the voltage was investigated with various pH
solutions using Data acquisition/Switch unit (Agilent,
34970A).

Results and Discussion 

Measurements of the differential thermal analysis
(DTA) and the thermogravimetry (TG) curves of the
porous alumina powder were conducted, and the results
are shown in Fig. 1.
An endothermic peak due to the decomposition of

aluminium hydroxide was observed in the temperature
range of 150 oC to 220 oC (in heating graph) [13]. The
weight loss at around 420 oC was about 1.34% and was
attributed to the combustion of impurities, which were
entered in the process of separation into the porous alumina
from AAO template. Considering the endothermic curve at
around 250 oC in the cooling process, the heat treatment
temperature was determined by 270 oC.
Fig. 2 shows the X-ray diffraction pattern of AAO

template with variation of the heat treatment time. The
peak of aluminium hydroxide was observed at around

38 o in the specimen carried out the heat treatment for 1
h. However, AAO template, heat-treated for more than
5 h, showed the typical polycrystalline structure and a
single phase of γ-Al2O3 (JCPDS No. 01-075-0921).
The average crystal size of AAO template, heat-treated
for 10 h, was estimated to be about 46 nm from the
broadening of the corresponding XRD peaks using the
Scherrer formula [14].
For more detailed investigation on the microstructure

of the Si3N4 film-coated AAO template with variation
of the heat treatment time, a TEM study was
performed. All Si3N4 layers were uniformly coated
with the thickness of about 10 nm, and pore wall as
well as the pore bottom is completely covered with
Si3N4/Al2O3 layer sequence, as shown in Fig. 3 and 4.
Fig. 3(a) shows a cross-sectional TEM image of

Si3N4 film-coated AAO template before heat treatment.
In Chen’s [15] research, the AAO layer formed in acid
solutions at less than approximately 100 V are usually
considered to be completely amorphous phase. And heat

Fig. 1. DTA/TG curves of the alumina powder fabricated by AAO
process.

Fig. 2. The X-ray diffraction pattern of the AAO template with
heat treatment time: (a) 1 h, (b) 5 h and (c) 10 h.

Fig. 3. (a) Cross-sectional TEM micrograph and (b) selected area
electron diffraction pattern of cross-sectional image of the Si3N4

film-coated AAO template before heat treatment.
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treatment is a method that induces AAO crystallization and
the stabilization of the nanostructure. In Choi’s16 research,
in the AAO process, Al2O3 layer was composed of an
inner oxide layer formed with pure alumina oxide and an
outer oxide layer formed with an anion-contaminated
alumina. In this study, Al2O3 layer was composed of an
inner oxide layer and an outer oxide layer, as shown in
Fig. 3(a). The thickness of inner oxide layer and outer
oxide layer of the bottom part were about 24 nm and
30 nm, respectively. Fig. 3(b) shows the selected area
electron diffraction (SAED) pattern of the cross-
sectional image of interface between the AAO template
and the Al substrate. The appearance of spot-pattern in
the diffraction pattern obtained from the outer oxide
layer and inner oxide layer indicated the amorphous
phase and crystalline phase, respectively. The spacing
of lattice plane of the inner oxide layer was about
2.387 Å.
Fig. 4 shows a cross-sectional TEM image of Si3N4

film-coated AAO template heat-treated for 10 h. AAO
template is homogeneously covered with the alumina
and the Si3N4 layer. Especially, by the heat treatment,
alumina layer crystallized from the amorphous phase to
crystalline phase of γ-Al2O3, as shown in Fig. 4(b).
This is because the decrease of defects and the
diffusion of Al and O ions [15]. The spacing of lattice
plane of the oxide layer heat-treated for 10 h was about
2.977 Å.
Fig. 5 shows the normalized capacitance-voltage (C-

V) characteristics of AAO sensor with variation of the
heat treatment time. C-V measurements were
performed with a LCR-meter at a dc voltage which was
swept from −2 V to 2 V in steps on 100 mV and a
superposed ac voltage with a frequency of 120 Hz and a
signal amplitude of 50 mV. The C-V curves have a linear
shape, which guarantees that only the concentration-
dependent potential shift as resulting chemical sensor is
measured [17]. Therefore, the change of capacitance
value at the linear region corresponds to the pH-
sensitivity property of AAO sensor. The AAO sensor
heat-treated for 10 h showed the good normalized C-V
properties, and the set values of the capacitance,

Fig. 4. (a) Cross-sectional TEM micrograph and (b) selected area
electron diffraction pattern of cross-sectional image of the Si3N4

film-coated AAO template heat-treated for 10 h.

Fig. 5. Normalized capacitance-voltage properties of AAO sensor
with variation of the heat treatment time: (a) 0 h, (b) 1 h, (c) 5 h
and (d) 10 h.

Fig. 6. Hysteresis behavior of AAO sensor with variation of the
heat treatment time: (a) 0 h, (b) 1 h, (c) 5 h and (d) 10 h.
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working point, of these devices were −0.3 V.
Fig. 6 shows the hysteresis behaviour of AAO

sensors with variation of the heat treatment time. The
measurement of hysteresis behaviour was performed
by immersing the prepared sensors in each pH standard
solution for up to 5 min in a set cycle of pH 7→ pH
4→ pH 10. The pH sensitivity of AAO sensors increased
with an increase the heat treatment time due to the
increase in the crystallinity of alumina layer. The AAO
sensor with the heat treatment time of 0 h, 1 h, 5 h and
10 h showed the pH sensitivity of 49.5 mV/pH, 52.9 mV/
pH, 53.1 mV/pH and 54.1 mV/pH, respectively.
Fig. 7 shows the corresponding pH calibration curves

with variation of the heat treatment time. To determine
the pH sensitivity, the pH-dependent shift of the C-V
curve was evaluated as the 80% value of the maximum
capacitance. As can be seen from the calibration graph
in Fig. 7, the linearity characteristics increased with
increasing the heat treatment time. For the AAO sensor
heat-treated for 10 h, an average pH sensitivity of about
54.1 mV/pH is calculated in the concentration range
from pH 4 to pH 8 which is very close to the
theoretical Nernstian slope of 58 mV/pH at standard
conditions.

Conclusions

Si3N4 film coated-AAO templates were fabricated with
variation of the heat treatment time. The structural and
electrochemical properties were observed for application
as chemical sensors. Temperature of the decomposition
of aluminium hydroxide was about 200 oC, obtained by
DTA/TG analysis. AAO template, heat-treated for more
than 5 h, showed the typical polycrystalline structure and
a single phase of γ-Al2O3. Al2O3 layer before the heat
treatment was composed of an inner oxide layer and an
outer oxide layer, and the outer oxide layer indicated the
amorphous phase. But the layer heat-treated for 10 h
showed the homogeneously crystallized alumina layer.

The pH sensitivity and the linearity characteristics of
AAO sensors increased with an increase the heat
treatment time due to the increase in the crystallinity of
alumina layer.
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