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ABSTRACT

We report on the formation of anodic aluminum oxide (AAO) film using phytic acid
(CeH18024P¢), a naturally obtainable and non-toxic organic acid electrolyte. When the
temperature of the phytic acid electrolytes changes from 0 °C to 20 °C, the pore size in-
creases, and the AAO film becomes less dense because the growth rate of the AAO film
increases. In particular, when the temperature of the phytic acid electrolyte is above 15 °C,
the AAO film changes dramatically. According to XRD analysis, the alpha-alumina in-
tensity was relatively higher in the AAO film grown at low-temperatures (0, 5, 10 °C) than
high-temperatures (15, 20 °C). It was possible to obtain a result that the properties were
better. The microstructural change of the AAO film according to the temperature of the
phytic acid electrolytes affected the breakdown voltage and the number of contamination
particles that are generated, which are important properties for plasma corrosion protec-
tion coating materials. The AAO film grown in the low-temperature has the most suitable
properties for use as a plasma corrosion protection coating material. Notably, the break-
down voltage of the AAO film is 0.45 kV at 14.9 um thickness, with no observable crack on
its surface after the plasma corrosion test. These findings provide significant evidence to
support the application of phytic acid as an electrolyte to grow AAOfilms, and the AAOfilm
grown in a phytic acid bath can be applied as a plasma corrosion protection coating
material.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Due to their high resistance against corrosion and porous
structural features, anodic oxide films of aluminum alloys
have been utilized in various engineering and nanoscience
applications, including in membranes, nanostructures for
sensors, and traditional corrosion protection, coloring, and
hardening [1—6].

Anodic aluminum oxide (AAO) films have been increas-
ingly used as commercial coatings to protect equipment from
plasma corrosion during semiconductor and display
manufacturing [7] because the AAO film offers corrosion
resistance to the etching gases and plasma and can be
implemented with a low process cost [8]. The AAO film
properties, including its nanostructure, optical, chemical,
physical, and mechanical properties, can change depending
closely on the electrolyte species that are employed in the
AAO process, and most studies related to AAO films have
focused on the electrolyte [6]. Sulfuric acid and chromic acid
have been commonly used as the best acid electrolytes for the
anodizing process because it is possible to obtain an AAO film
with sufficient thickness, high corrosion resistance, excellent
adhesion to base materials, and suitable mechanical proper-
ties [1,9]. However, sulfuric acid and chromic acid are highly
toxic environmental pollutants, so the use of non-toxic
organic acid electrolytes, such as oxalic acid [10], tartaric
acid [11], citric acid [12], adipic acid [13], and etidronic acid [14],
is being considered [1,15].

Recent studies on AAO films investigated the photo-
luminescence, corrosion resistance, optical and mechanical
properties according to the use of mixed acid electrolytes or
single-acid electrolytes, such as selenic acid [16], phosphoric
acid [17], malonic acid [18], and acetylene dicarboxylic acid
[19]. However, there is a paucity of studies on plasma corro-
sion, which has recently become an important issue for the
AAO film applications.

Recently, Song et al. conducted a plasma resistance of non-
porous AAO film. According to them, it has been reported that
as the sealing time passes, surface cracks increase, the plasma
corrosion resistance decreases, and consequently, the num-
ber of contaminants generated increases [20].

Among the various acid electrolyte candidates, phytic acid
is a naturally occurring, non-toxic, organic acid that contains
hydroxyl groups, oxygen atoms, and phosphate carboxyl
groups. Phosphoric acid and the hydroxyl groups of phytic
acid are deposited on metal surfaces through reactions with
metal ions that form chelate complex compounds to improve
corrosion resistance and provide improved adhesion with the
base material [21-24].

Shi et al. conducted the reaction mechanism of phytic acid
as acid electrolytes on 2024-T3 aluminum alloy and reported
on the change in the AAO films according to the pH [23].
However, the applicability of the results of the study is limited

because the corrosion resistance evaluation was only per-
formed for NacCl corrosive media. Most studies on phytic acid
electrolytes employed magnesium alloy as a reaction material
[21,22,25—-29], and there have been few reports employing
aluminum alloys as reaction materials in the plasma corro-
sion evaluation of AAO films.

This study improves the plasma corrosion resistance of
6061 aluminum alloy and investigates the reaction mecha-
nism for changes in AAO film properties according to the
temperature of the phytic acid bath including phytic acid
electrolytes. The evaluations were carried out using field
emission scanning electron microscopy (FE-SEM) and energy-
dispersive X-ray spectroscopy (EDS). In addition, the applica-
bility of the phytic acid electrolytes is discussed by evaluating
the breakdown voltage and plasma corrosion resistance, an
important characteristic in the use of the material as a coating
for plasma corrosion protection of equipment parts in a pro-
cess chamber for semiconductor and display manufacturing.

2. Experimental
2.1. Sample preparation

Polished aluminum alloy 6061-T6 (HIGGSLAB, Daejeon, Korea)
in circular disks of 76.2 mm in diameter with a thickness of
3 mm were used as the substrate. Table 1 shows the chemical
composition (wt. %) of aluminum alloy 6061-T6.

The substrate was cleaned by sonication for 20 min in
ethanol solution (99.8%, DUKSAN Reagents, Ansan, Korea) and
was dried in an N, gas flow. 9.5 M phytic acid solutions were
prepared by dissolving phytic acid (purity > 50%,
Sigma—Aldrich, St. Louis, Missouri, USA) with deionized
water. Next, the substrate was anodized in a 9.5 M phytic acid
solution for 180 min, and during that time, 80 V potential was
constantly applied with a DC power supply (GP-2480, LNC,
Incheon, Korea) (Fig. 1a). End of anodization, the AAO samples
were washed with deionized water for 20 min and dried in an
N, gas flow at room temperature. After that, the dried samples
were kept in a vacuum desiccator.

2.2. Evaluation system

For the thickness of the AAO film, a thickness meter using an
eddy current induction method was used (FMP 10, Helmut
Fischer, Sindelfingen, Germany).

The morphologies and the elements of the film surfaces
were observed via FE-SEM and EDS (S-4800, HITACHI, Tokyo,
Japan). In addition, the Image] program (ver.1.53e, 64-bit) was
used to analyze the pore area and porosity of the AAO film
surface.

The structurally characterized of the AAO films was
determined by X-ray diffraction analyzer (XRD, SmartLab,

Table 1 — Chemical composition of aluminum alloy 6061-T6 (wt. %).

0.873 0.698 0.450 0.342

0.199 0.193 0.079
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Fig. 1 — Schematic of (a) the anodizing system, (b) breakdown voltage tester, and (c) the plasma corrosion test system (CCP-

RIE).

Rigaku Corporation, Japan) over the range of 10°—90° (2 6
angle) using CuKa radiation (A = 1.54056 A).

The electrical breakdown of the AAO film was measured
using a handmade dielectric breakdown voltage measuring
tool (one-electrode method) (Fig. 1b). The voltage signal was
generated by a breakdown voltage tester (TOS 9201, KIKUSUI,
Yokohama, Japan), and the measuring parameters and data
were controlled and recorded using a handmade program
(LabVIEW, Austin, Texas, USA) [30].

The plasma corrosion test was performed using a CCP-RIE
(Capacitively Coupled Plasma-Reactive Ion Etching) system
with etching gas (CF4 (99.999%)/0, (99.995%)/Ar (99.999%)) for
60 min. The plasma maintained between two circular 76.2 mm
diameter electrodes separated by a 105 mm gap and the area
where the actual AAO film is exposed to plasma is circular
63.5 mm diameter (Table 2 and Fig. 1c).

3. Result and discussions

As mentioned earlier, phytic acid (C¢H15024P¢) is a strong acid
consisting of 12 hydroxyl groups, 24 oxygen atoms, and 6
phosphate groups, and it forms a strong chelate with metal
ions (Fig. 2a) [13]. According to Crea et al., when phytic acid
forms strong chelates with metal ions, chemical structures of
1-axial/5-equatorial or 5-axial/1-equatorial is mainly formed,
and the pH of the electrolyte determines the main chelate
structure [29]. Phytic acid and Al** complex have a 1:1 stoi-
chiometry [31], and when the pH is lower than 9 in alkali metal
ion solutions, the formation of 1-axial/5-equatorial chemical
structures with less steric hindrance is predominant [29].

Shi et al. reported that the formable chemical structure of
the composite by the AI*" chelate is also predominantly the 1-
axial/5-equatorial equatorial structure with low volumetric
disturbances in the vertical direction [23]. As a result, the
mechanism of the AAO film formation by phytic acid elec-
trolyte is as follows [13]:

CeH13004Ps = XH* + CeHug x02P5%(1 = 12, 11, -+, 2, 1) (1)
2Al + 6H— 2AI’" + 3H, ()
AP" + CeHs x)024Pg* — Al(CsH1s x)024Ps %), )

Fig. 2b shows the change in the phytic acid bath pH and
current density according to the electrolyte temperature. In
general, it is widely known that the change in current density
during the potentiostatic anodizing process takes an almost
steady value after being changed from a four-step anodizing
process. The current density sharply increases when starting
the anodizing process and then the current density decreases
slightly and has its lowest value, as the barrier layer of AAO

Table 2 — Plasma corrosion test condition using CCP-RIE
system

Plasma corrosion test condition

Power (W) 100

Treatment time (min) 60

Gas (sccm) 30: 25: 5 < CF4: Oy Ar>
Base Pressure (mTorr) 20+1 < Plasma off >
Working Pressure (mTorr) 300 +5 < Plasma on >
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Fig. 2 — (a) Chemical structure of phytic acid, (b) change in the phytic acid bath pH and current density according to
electrolyte temperature, and (c) the thickness and growth rate of the AAO films.

film has been grown and pore layer initiation has been
completed. Next, the current density rises steadily up to an
almost steady. Finally, the current density is constantly kept,
and then pore layer growth takes place [32].

Three steps, before the current density stabilizes, take
place for a relatively short time, and the current density is
constantly kept during the most anodizing process. Therefore,
if the current density is measured after sufficient processing
time, the current density during most processes can be
measured. The current density was measured just before the
end of the entire 180 min process time to obtain a represen-
tative value for the entire process.

When the temperature of the phytic acid bath rises to 0, 5,
10, 15, 20 °C, the pH decreases to 3.20, 2.23, 1.74, 1.08, —1.79,
respectively, but in contrast the current density increases to
14.55, 15.06, 15.58, 16.10 and 23.38 mA/cm? (Fig. 2b).

As the temperature increases, H" dissociation is activated
in the phytic acid, resulting in a change in the pH (Eq. (1)),
which is a direct cause of the higher current density. In
particular, when the temperature of the phytic acid bath is
20 °C, the current density sharply increases. It is not clear why

5°C

200 nm

10 °C

the current density sharply increases when the anodizing
bath temperature is 20 °C. However, the pH also changes
rapidly, suggesting that as phytic acid decomposes and some
materials are produced that rapidly change the current den-
sity and pH results.

As the current density increases, the thickness of the AAO
film increases to 5.26, 8.24, 11.26, 14.90, and 28.32 um (Fig. 2c).
The displacement of the AAO film on the aluminum surface is
mainly due to the stress caused by electrical deformation, and
the growth of the oxide film occurs at the interface between
the electrolyte and the aluminum. At this time, it is known
that the generated stress is involved in self-organization to
form a porous structure [33].

Since AAO film growth stress depends on the anodizing
voltage, process temperature, and electrolytes, the structural
characteristics of the AAO film, such as pore diameter, are
different according to the process conditions. In general, the
pore diameter increases with increasing temperature [33]. The
change in the pH and current density affects the AAO film
growth rate and growing stress. As a result, the growth rate

15°C 20°C

200
<mnj

Fig. 3 — FE-SEM image of AAO films surface before Plasma corrosion test: Magnification (a) 50 K, (b) 200 K.
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and pore diameter of the AAO film increases at a high tem-
perature (Fig. 3).

Fig. 4a is an analysis of the surface pores of the AAO film
before the plasma corrosion test using Image], an image
analysis program, and the image of Fig. 3b was used. It can be
seen that the area of the pores increases as the temperature of
the electrolyte increases, and it shows a tendency to increase
rapidly from 15 °C.

Fig. 4b is numerically represented this change in surface
morphology. The pore areas were 203 nm?, 150 nm? and
250 nm? at 0 °C, 5 °C and 10 °C, respectively. These results are
difficult to be seen as a significant difference when consid-
ering the non-uniformity of the pores. However, it can be
clearly seen that at 15 °C and 20 °C, it increases rapidly to
1830 nm? and 2423 nm?, respectively.

In addition, the porosity was 2.03%, 1.43%, 2.43%, 5.22%,
and 11.46% at 0 °C, 5 °C, 10 °C, 15 °C, and 20 °C, respectively,
and the same tendency as the pore area appeared. From these
results, it can be seen that the increase in the pore area has a
dominant effect on the increase in the porosity.

Fig. 5a shows the normalized XRD pattern of the AAO film
surface according to the temperature of the phytic acid elec-
trolyte (111) and (222) Aluminum crystal planes are observed
by aluminum substrates, and (113) and (104) alpha-alumina
crystal planes are observed by AAO films [34—37]. In the case
of (111) (222) aluminum crystal plane, and (104) alpha-alumina
crystal plane, there was no significant difference depending
on the temperature of the phytic acid electrolyte.

However, a distinct difference was observed in the (113)
alpha-alumina crystal plane. The relatively high intensity was
observed in the AAO films at 0 °C, 5 °C and 10 °C compared to
the AAO films with electrolyte temperatures of 15 °C and 20 °C
(Fig. 5b). This difference in the intensity of alpha-alumina is an
important factor in determining the properties of AAO film,

and it has been reported that the more alpha-alumina is
formed, the better the properties are [38,39].

On the other hand, the structural characteristics caused by
the AAO film growth stress change the electrical and chemical
resistance characteristics of the AAO film. Fig. 6a shows the
breakdown voltage and breakdown voltage per unit thickness
of the AAO film according to the temperature. The breakdown
voltage is the threshold voltage that can be borne when the
AAO film is used for plasma corrosion protection coatings of
equipment parts in the process chamber of semiconductor
and display manufacturing. In general, the breakdown voltage
strength is known to depend on the thickness [30]. The pores
of the AAO film act as air gaps at the electrode - insulation
layer interface, so when the same voltage is applied, the larger
the pore size, the higher the electrical stress per unit area.
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Fig. 5 — Characteristic peak intensity normalized X-ray
diffraction patterns of AAO film.
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Table 3 — After being exposed to the plasma, the AAO films surface component.

Temperature Element (at. %)

Aluminum Oxygen Fluorine Phosphorus
0°C 26.57 49.47 23.58 0.38
5°C 22.08 51.35 26.29 0.28
10°C 24.76 46.16 28.46 0.62
15°C 21.94 46.21 31.28 0.57
20°C 22.37 39.06 37.82 0.76

The AAO film grown in the 0 °C phytic acid electrolyte bath
has a slow growth rate, so the film is thin, and the breakdown
voltage is low. But it has low growing stress, so the pore size is
small, and the thin film grows densely, resulting in a high
breakdown voltage per unit thickness. In contrast, the growth
rate of the AAO film in the 20 °C phytic acid bath is fast with a
greater thickness, so the breakdown voltage is high. However,
the growth stress is large and the pore size is large, so high
electrical stress is applied per unit area, resulting in a lower
breakdown voltage per unit thickness.

The change in the thickness and structural characteristics
of the AAO film (e.g. example corrosion, crack, etc.) due to the
phytic acid bath temperature influences the generation of
contamination particles on the AAO film surface by plasma
(Fig. 6b) [20,40,41]. The contamination particles by the plasma
are generated when Al,O; reacts with fluorine ions, and

5°C

10°C

generates AlF;, which grows into particles, resulting in the
drop-off of the contamination particles at the weakly bonded
site [42]. Fig. 5 and Table 3 show the FE-SEM image and EDS
analysis results of the AAO film surface, respectively, after
exposure to plasma with etching gas (Table 2). After the AAO
films are exposed to the plasma, the surface cracks due to
thermal stress and physicochemical etching by CF, and Ar
gas. This leads to a component change in the AAO film
surface.

In the AAO film grown in 0 °C phytic acid bath, contami-
nation particles can be seen to be easily dropped due to sur-
face cracks caused by thermal stress, and many
contamination particles are generated [20,40,41]. However,
the AAO films grown in 15 °C and 20 °C phytic acid baths
increased the number of contamination particles, despite lit-
tle surface cracking. This is thought to be due to two factors.

15°C

20 °C

Fig. 7 — FE-SEM images of the AAO films surface morphology of after plasma corrosion test (Magnification (a) 50 K, (b) 200 K)

and (c) the surface analysis of crack using Image]J program.
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First, the surface area is widened due to the large pore size,
and the reaction rate with the plasma increases, thereby
causing the contamination particles to grow by reacting with
the fluorine ion at a relatively high rate (Table 3 and Fig. 7a, b).
Next, due to the fast growth rate of the AAO film, its orienta-
tion is poor and the density is relatively low, resulting in the
easy drop-off of contamination particles at a weak bonding
force between the atoms.

Typically, the surface temperature of the Al,0; film
exposed to plasma increases, so the temperature of the AAO
film was raised to about 400 K for 10 min with the plasma that
was used for the plasma corrosion test in this study. Then, it
was maintained at a constant temperature during the plasma
corrosion test. At this time, the AAO film is stressed due to the
difference in the thermal expansion coefficient between the Al
substrate and the AAO film, and its thermal stress causes
cracking in the AAO film surface (Fig. 7). The AAO film grown
in 0 °C phytic acid bath is easily cracked because of its thin-
ness, despite the lower growth stress. The surface cracks of
the AAO film gradually decrease with a thicker AAO film, and
almost no cracking is seen in the AAO film grown in the phytic
acid bath above 15 °C.

On the other hand, the grain boundaries of the AAO film
thatis generated through physicochemical etching by CF4 and
Ar gas when grown in 0 °C phytic acid bath can be confirmed.
However, as the temperature of the phytic acid bath increases,
grain boundaries are not observed. The grain boundaries of
the AAO film are affected by the Al substrate [30]. The
boundaries of the AAO film are expected to be oriented along
the Al substrate in the low-temperature phytic acid bath
because of the slow growth rate of AAO films, but they are not
oriented in the high-temperature phytic acid bath because of
the rapid growth rate of the AAO films.

4, Conclusions

This study investigated the changes in the AAO film charac-
teristics according to the temperature of the phytic acid
electrolytes, and its applicability was confirmed as a coating
material for plasma corrosion protection of equipment parts
in the process chamber for semiconductor and display
manufacturing. The temperature of the phytic acid bath af-
fects the current density by changing the pH of the electro-
lytes. As a result, the pore size, density, and orientation of the
AAO film change depending on the temperature of the phytic
acid bath. The characteristics as a coating for plasma corro-
sion protection changed due to the structural characteristics
of the AAO film grown in the phytic acid bath. The AAO films
grown in high-temperature phytic acid baths have a low
density due to their high growth rate, and this caused a lower
breakdown voltage per unit area. In addition, relatively many
contamination particles are generated when exposed to
plasma. However, the AAO films grown in low-temperature
phytic acid baths have low productivity due to low growth
rates, and cracks are easily generated by thermal stress.
Consequently, to obtain an AAO film having high corrosion
resistance by plasma and a small number of pollutant

particles, a method of maintaining a high thickness in a low-
temperature phytic acid electrolyte bath may be proposed. In
the case of the anodizing process conducted in this paper, the
thickness of the AAO film was different, respectively, because
the time was constant regardless of the temperature of the
phytic acid electrolyte bath. Therefore, if the AAO film is
grown thick in a 10 °C phytic acid electrolyte bath, it is ex-
pected that the best coating film to prevent plasma corrosion
can be grown.
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