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Abstract: A thick Al2O3/aluminum (Al) structure has been fabricated by oxidation of Al with 68wt% and 98wt% ni-
tric acid (HNO3) aqueous solutions at room temperature. Measurements of the Al2O3 thickness vs. the
oxidation time show that reaction and diffusion are the rate-determining steps for oxidation with 68wt%
and 98wt% HNO3 solutions, respectively. Observation of transmission electron micrographs shows that
the Al2O3 layer formed with 68wt% HNO3 has a structure with cylindrically shaped pores vertically aligned
from the Al2O3 surface to the Al2O3/Al interface. Due to the porous structure, diffusion of HNO3 proceeds
easily, resulting in the reaction-limited oxidation mechanism. In this case, the Al2O3/Al structure is consid-
erably rough. The Al2O3 layer formed with 98wt% HNO3 solutions, on the other hand, possesses a denser
structure without pores, and the Al2O3/Al interface is much smoother, but the thickness of the Al2O3 layer
formed on crystalline Al regions is much smaller than that on amorphous Al regions. Due to the relatively
uniform Al2O3 thickness, the leakage current density flowing through the Al2O3 layer formed with 68wt%
HNO3 is lower than that formed with 98wt% HNO3.
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1. Introduction

Aluminum (Al) is used for wiring in large scale integration
(LSI). Therefore, the study of oxidation of Al is meaning-
ful, not only from academic viewpoint but for technological
application to semiconductor devices. One of the exam-
ples of the application is capacitors in analogue circuits
with a dielectric layer (i.e., SiO2), which is conventionally
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produced by oxidation of Si at temperatures above 900°C.
Due to the high oxidation temperature, the SiO2 forma-
tion cannot be performed after Al wiring. If a dielectric
layer for capacitors can be formed at temperatures below
∼600°C, on the other hand, its formation can be carried
out even after the Al wiring process, increasing the degree
of freedom in the device fabrication processes.
For anodic oxidation of Al to form thick (> 1 µm) Al2O3

films, nitric acid (HNO3) aqueous solutions were em-
ployed [1, 2]. In this case, HNO3 acts as an electrolyte
but not as a strong oxidizing species. Markel et. al. [3]
developed a formation method for aerogel of Al2O3, in
which mercury amalgamation and Al2O3 formation were
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carried out using Hg2+ in HNO3 aqueous solutions. These
methods can form Al2O3 at low temperatures, but do not
aim the application of fabricated Al2O3 to semiconductor
devices, and thus detailed electrical characteristics were
not investigated. For the application of Al2O3 to semi-
conductor devices, Chiang and Hwu [4, 5] initially formed
an ultrathin SiO2 layer using rapid thermal annealing or
anodization in de-ionized water and then deposited Al,
followed by nitric acid oxidation using relatively dilute
solutions (HNO3:H2O=1:19). They found that an appli-
cation of electrical field during nitric acid oxidation im-
proved the electrical characteristics of the Si/SiO2/Al2O3

MOS diodes.
A low temperature oxidation method using HNO3, appli-
cable to Si [6–11] and SiC devices [12–15], has been de-
veloped by us. Immersion of Si wafers in azeotropic HNO3

(i.e., 68wt% HNO3 aqueous solutions at 120°C) forms an
ultrathin (1.2∼1.4 nm) SiO2 layer with a leakage current
density lower than those of thermally grown SiO2 with
the same thickness [6–8]. Si oxidation by use of 98wt%
HNO3 aqueous solutions can produce an ultrathin SiO2

layer with a lower leakage current density, i.e., lower than
that of a silicon oxynitride layer with the same equivalent
oxide thickness [9]. By use of the two-step nitric acid
oxidation method (i.e., immersion in ∼40wt% HNO3 aque-
ous solutions followed by that in 68wt% HNO3), a thick
(> 10 nm) SiO2 layer with good electrical characteristics
can be formed [10–15].
In the present study, oxidation of Al to form an Al2O3/Al
structure has been performed at room temperature using
high concentration (i.e., 68 and 98wt%) HNO3 aqueous
solutions.

2. Experiments
Al films of 200 nm thickness were formed on Si(100) wafers
using the sputtering method. After cleaning with ultra-
pure water, the specimens were immersed in 68 or 98wt%
HNO3 aqueous solutions at room temperature for various
periods.
Current-voltage (I-V) characteristics of the Al2O3/Al struc-
ture were measured using a mercury probe method with
a Four Dimensions CV92M. Transmission electron mi-
croscopy (TEM) measurements were performed using a
JEOL EM-3000F microscope at the incident electron en-
ergy of 300 keV. Scanning electron microscopy (SEM)
measurements were carried out using a HITACHI S-5000
microscope at the incident electron energy between 15
and 25 keV. X-ray photoelectron spectroscopy (XPS) spec-
tra were recorded using a VG Scientific Escalab 220i-
XL spectrometer with a monochromatic Al Kα radiation

source. Pass energy in the semispherical analyzer was
set at 20 eV, and photoelectrons were collected in the
surface-normal direction.

3. Results

Fig. 1 shows XPS spectra in the Al 2p region for the
Al thin films observed before and after oxidation at room
temperature with 68wt% (spectra a) and 98wt% (spectra b)
HNO3 solutions. The doublet peaks were due to Al 2p3/2

and 2p1/2 levels of the Al films. The peak in the higher
energy region was attributable either to aluminum oxide
or hydroxide [16]. Thomas and Sherwood distinguished
aluminum oxide and hydroxide by measurements of va-
lence band spectra and found that Al2O3 was formed by
oxidation of Al with 0.5 M and 5 M HNO3 aqueous so-
lutions [17]. The atomic ratio O/Al was estimated to be
1.69±0.03 from the area intensity ratio between the shifted
Al 2p peak and O 1s peak. Assuming that the overlayer
consists of the mixture of Al2O3 and Al(OH)3, the concen-
tration ratio of Al atoms in Al2O3 and Al(OH)3 is estimated
to be approximately 1:0.15 from this Al/O ratio. Therefore,
the higher energy peaks were attributed mainly to Al2O3

except for the case of the uppermost spectrum. (It has
been reported that aluminum hydrate is incorporated in
the aluminum surface species formed in ambient condi-
tions [18, 19].) XPS spectra showed no peaks in the N 1s
region, indicating that AlN or Al(NO3)3 were not present
on the Al surfaces after nitric acid oxidation. Al(NO3)3
might be formed, but even in this case it dissolves into
the solution because of the high solubility of Al(NO3)3.
With an increase in the oxidation time, the intensity of
the Al2O3 peak increased while that of the Al substrate
decreased, indicating an increase in the thickness of the
Al2O3 layer with oxidation time. Assuming the formation
of a uniform Al2O3 layer on the Al substrate and adopting
2.9 and 2.5 nm for electron mean free paths in Al2O3 and
Al, respectively [20], the Al2O3 thickness was estimated
from the area intensity ratio between the Al2O3 and Al
peaks; the estimated values were included in the figure.
However, this assumption is not valid for oxidation with
98wt% HNO3, as described later, and therefore the thick-
ness estimation is erroneous in this case. The energy shift
of the Al2O3 peak from the Al peak increased from 2.8 to
3.8 eV with oxidation time. This shift is most probably at-
tributable to charging of the Al2O3 films. Positive charges
generated by photo-emission induce a downward poten-
tial gradient in Al2O3 toward the surface, increasing the
energy difference between the substrate Al 2p level and
the Al2O3 Al 2p level at the surface [21, 22]. Our result
agrees with previous literature reporting that the shift of
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Figure 1. XPS spectra in the Al 2p region for the Al films oxidized in
HNO3 aqueous solutions of the following concentrations
at room temperature: (a) 68wt%; (b) 98wt%.

the oxide Al 2p peak with respect to the metal Al 2p peak
varies in the range between 2.6 and 3.7 eV, depending on
the oxide thickness and oxide growth procedure [23].
Fig. 2 shows the SEM micrographs of the Al films before
and after oxidation, using 68 and 98wt% HNO3 solutions.
Before oxidation (Fig. 2a), the Al surface was relatively
smooth, consistent with the TEM micrograph (cf. Fig. 3a),
and no holes were present. TEM observation described
below shows that the observed surface structure in Fig. 2a
is due to non-uniformity of the Al thickness but not due
to grain boundaries. After oxidation with 68wt% HNO3

for 30 min (Fig. 2b), many holes with diameters in the
range between 5 and 20 nm were observed. Oxidation
with 98wt% HNO3 for the same period (Fig. 2c), on the
other hand, did not form such surface structure, but the
initial surface structure remained nearly unchanged.
Fig. 3 shows the TEM micrographs observed before and
after HNO3 oxidation of the Al films at room tempera-
ture. It is easily seen that the initial Al film mainly con-
sisted of amorphous regions and contained a small portion
(less than 10%) of crystalline regions (Fig. 3a). By oxi-
dation with 68wt% HNO3 solutions (Fig. 3b), a consider-
ably porous Al2O3 film was formed. The pores possessed
a cylindrical shape aligned vertically between the Al2O3

surface and the Al2O3/Al interface, and the diameter was
in the range between 10 and 30 nm. The Al2O3/Al inter-
face was rough with a mean roughness of ∼10 nm. The
thickness of the Al2O3 film was nearly the same on the
amorphous and crystalline Al regions, indicating that the
oxidation rates of both regions were nearly identical to
each other.
When the Al film was oxidized with 98wt% HNO3 solutions
(Fig. 3c), on the other hand, a non-porous Al2O3 film was
formed. The Al2O3/Al interface was relatively smooth. The
thickness of the Al2O3 layer on the amorphous Al regions
was ∼40 nm. As can be seen from the enlarged TEM
micrograph (Fig. 3c), the crystalline region was present

Figure 2. SEM micrographs of the Al films before (a) and after oxi-
dation in HNO3 aqueous solutions with the following con-
centrations for the following periods at room temperature:
(b) 68wt%, 20 min; (c) 98wt%, 90 min.

near the surface, and the lattice constant was estimated
to be 0.23 nm, which corresponded to the Al(111) planes.
The thickness of the Al2O3 layer on the crystalline Al
regions was only ∼4 nm.
Fig. 4 plots the thickness of the Al2O3 layer formed on
the Al films by the reaction with 68wt% (plot a) and 98wt%
(plot b) HNO3 solutions vs. the oxidation time. The Al2O3

thickness was determined from the TEM observation, and
for 98wt% HNO3 oxidation, the thickness on the amor-
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Figure 3. TEM micrographs of the Al films before (a) and after oxi-
dation in HNO3 aqueous solutions with the following con-
centrations for the following periods at room temperature:
(b) 68wt%, 20 min; (c) 98wt%, 90 min.

Figure 4. Thickness of the Al2O3 layer formed on the Al films vs.
the time of oxidation in HNO3 aqueous solutions with the
following concentrations at room temperature: a) 68wt%;
b) 98wt%.

phous Al regions was adopted. For 68wt% HNO3 oxi-
dation, the plot was linear, indicating that reaction was
the rate-determining step [24]. The oxidation rate was
1.25 nm/min. In the case of 98wt% HNO3 oxidation, on
the other hand, the oxidation rate was much lower, and
the plot of the Al2O3 thickness vs. time was not linear.
The plot was fitted relatively well by a parabolic func-
tion as shown by the solid line, indicating that diffusion
of oxidizing species through growing Al2O3 was the rate-
limiting step [24].
Fig. 5 shows the I-V curves of the Al2O3/Al structure
formed by oxidation with 68wt% (curve a) and 98wt% (curve
b) HNO3 solutions. The thickness of the Al2O3 layer de-
termined from the TEM micrographs was 20 nm for both
diodes. It should be noted that in the case of 98wt% HNO3

oxidation, thin Al2O3 regions of ∼4 nm thickness were
present (cf. Fig. 3d), and the leakage current was likely
to flow mainly through these thin regions.
The dielectric constant of the Al2O3 layer was estimated
from capacitance measurements and the thickness ob-
tained from the TEM observation. For the Al2O3 films
formed with 68wt% HNO3, the relative dielectric con-
stant was between 3 and 7, much lower than 11 for bulk
Al2O3 [25]. The Al2O3 layer formed with 98wt% HNO3 has
a higher relative dielectric constant, ranging between 10
and 20.

4. Discussion
Thick Al2O3 films can be formed by oxidation of Al with
68 and 98wt% HNO3 aqueous solutions. It is well known
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Figure 5. I-V curves of the 20 nm Al2O3/Al structure, fabricated by
oxidation using HNO3 aqueous solutions with the following
concentrations for the following periods at room tempera-
ture: a) 68wt%, 20 min; b) 98wt%, 60 min. The thickness
of Al2O3 layer formed on minor crystalline Al regions with
98wt% HNO3 was ∼4 nm.

that thick oxide films are not formed at low temperatures
because of the presence of passive oxide, which interrupts
diffusion of oxidizing species (i.e., O2 and/or H2O) [26,
27]. It is likely, on the other hand, that the oxidizing
species for nitric acid oxidation is oxygen atoms generated
by decomposition of HNO3:

2HNO3 → NO + NO2 + H2O + 2O (1)

Due to the small diameter of oxygen atoms, diffusion easily
proceeds, leading to the formation of thick Al2O3 films,
even at room temperature.
Oxidation with 68wt% HNO3 solutions forms cylindrically
shaped pore structure, probably due to dissolution of Al
by HNO3. The mole ratio of H2O to HNO3 for 68wt%
HNO3 solutions is 1.6, and due to the presence of water,
the solutions are likely to possess a high metal disso-
lution activity as an acid. When the Al surface directly
contacts HNO3 solutions, dissolution proceeds predomi-
nantly, and simultaneously, decomposition of HNO3 oc-
curs at the Al surface, generating oxygen atoms, and thus
resulting in Al oxidation. Decomposition of HNO3 also
occurs at the Al2O3 surface. Oxygen atoms are injected
into Al2O3, and diffuse to the Al2O3/Al interface, where
oxidation proceeds. Since HNO3 is easily provided to the
Al2O3/Al interface in the presence of pores, the interfa-
cial reaction is the rate-determining step (cf. curve a in
Fig. 4). The main reaction at the Al surface is dissolution

of Al, while that at the Al2O3 surface is decomposition of
HNO3, resulting in the rough Al2O3/Al interface.
In the case of oxidation with 98wt% HNO3 solutions, on
the other hand, dissolution of Al does not proceed easily,
probably because HNO3 with such a high concentration
does not have a high reactivity as acid, due to the lack
of water molecules which electrodissociate HNO3. Con-
sequently, pores are not formed in Al2O3, and the Al2O3

film is more uniform. Measurements of the Al2O3 thickness
on the amorphous Al regions vs. the oxidation time (plot
b in Fig. 4) clearly show that diffusion of the oxidizing
species is the rate-determining step, even for oxidation
of amorphous Al. Moreover, the Al2O3 thickness on the
crystalline Al regions is much smaller than that on the
amorphous Al regions (Fig. 3d), indicating that the diffu-
sion rate of oxidizing species (i.e., oxygen atoms generated
by decomposition of HNO3) in crystalline Al is much lower
than in amorphous Al.
For oxidation with 98wt% HNO3, the oxidation rate in the
initial oxidation stage of less than 30 min is very low (plot
b in Fig. 4). This is probably due to the presence of a
passive layer [26, 27], which is dissolved slowly by 98wt%
HNO3.
The leakage current density for the 20 nm Al2O3 layer,
formed with 98wt% HNO3, is much higher than that formed
with 68wt% HNO3 (Fig. 5). The high leakage current den-
sity is due to the thin Al2O3 regions formed on crystalline
Al regions. Considering that the thickness of the Al2O3

layer on the crystalline Al region is ∼1/5 of that on the
amorphous Al region, and the surface area of the crys-
talline Al region before oxidation is ∼1/10 of the total
surface area, the leakage current density for the Al2O3

layer on the crystalline Al region can be roughly esti-
mated to be 0.15 A/cm2 at 1 MV/cm and 0.9 A/cm2 at 2
MV/cm.
The relative dielectric constant of the Al2O3 layer formed
with 68wt% HNO3 is low, between 3 and 7. The low di-
electric constant is attributable to the porous structure.
The Al2O3 layer formed with 98wt% HNO3, on the other
hand, possesses a higher relative dielectric constant be-
tween 10 and 20, due to the absence of pores. The possible
reasons for the fluctuation of the estimated dielectric con-
stants are Al2O3 thickness fluctuation which strongly af-
fects the capacitance of the Al2O3 layer formed with 98wt%
HNO3, and variation of the pore concentrations for the
Al2O3 layer formed with 68wt% HNO3

5. Conclusion
Nitric acid oxidation of Al can form thick Al2O3/Al struc-
tures at room temperature. In the case of oxidation with
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68wt% HNO3, dissolution of Al cannot be prevented com-
pletely, leading to the formation of cylindrically shaped
pores in Al2O3. Diffusion of the oxidizing species pro-
ceeds smoothly due to the presence of pores, leading to
the reaction-limited kinetics, with a high formation rate of
the oxide film of 1.25 nm/min. Due to the porous structure,
the relative dielectric constant is low, between 3 and 7.
In the case of oxidation with 98wt% HNO3, on the other
hand, no pores are formed in Al2O3, due to prevention
of Al dissolution. However, the diffusion rate of oxidiz-
ing species in crystalline Al is much lower than that in
amorphous Al, resulting in a non-uniform thickness of the
Al2O3 layer. The leakage current flows through the thin
Al2O3 region on crystalline Al, resulting in a high leakage-
current density. In this case, the high dielectric constant
between 10 and 20 is due to the absence of pores.
The nitric acid oxidation method using 98wt% HNO3 aque-
ous solutions is promising for fabrication of an Al2O3 di-
electric layer for semiconductor devices. Fabrication of Al
films with a completely amorphous region or a completely
crystalline region will lead to the formation of a uniform
thickness Al2O3 layer with a low leakage-current density.
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