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Insights into the breakdown mechanism of anodic oxide film
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The breakdown mechanism of the anodic-oxide-film—electrolyte system has been studied for a long
time, but there are still very few experimental studies that can summarize its physical image. Here, we
report a finding on the breakdown mechanism of the tantalum (Ta) oxide-electrolyte system. We observe
the evolution process of oxygen bubbles in Ta oxide films and demonstrate that oxygen generation is a
cause of breakdown. The oxygen evolution reaction not only provides the initial electron injection for
avalanche breakdown, but the resulting oxygen bubbles also lead to a concentration of stress and electric
field. Further studies have shown that oxygen vacancies in oxide films are key to driving oxygen evolution
and electron-current formation. Based on these findings, we attenuated oxygen evolution by the addition
of a reducing agent, and the crystallization of the Ta oxide films was consequently drastically reduced,
with the leakage current density of the dielectric being only 12.6% of the original. Therefore, this study
not only contributes to an in-depth understanding of the breakdown mechanism of anodic oxide films, but
also provides a promising prospect for the fabrication of high-quality Ta capacitors.
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Dielectric-material-based capacitors are widely used in
pulsed power equipment because of their high power den-
sity compared to electrochemical energy-storage devices
[1-3]. Oxides of valve metals, such as Al, Ti, Nb, and Ta,
are a very important class of dielectric materials [4]. Their
dense film layers are the core components of electrolytic
capacitors and play important roles in electronic circuits,
such as bypassing, filtering, and coupling [5—7]. In the
production of various types of electrolytic capacitors, the
electrochemical anodic oxidation method is widely used
because of its low cost, simple operation, and easy con-
trol [8]. The anodic oxide film is formed by exposing the
metal anode to the electrolyte and then applying a volt-
age bias between the anode and the counter electrode. If
the process is done properly, the resulting oxide film is
usually homogeneous and amorphous, which is necessary
to ensure the good electrical performance of electrolytic
capacitors.

However, it is not an easy task to obtain a high-quality
oxide film. This is because the amorphous oxide film is
extremely unstable thermodynamically and can be broken
down once a large external energy is applied. Breakdown
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is often accompanied by sparking and crystallization, or
a combination of these, depending on the metal [9]. The
oxides of Ta and Nb are particularly prone to crystalliza-
tion. Excessive crystallization usually means failure of the
tantalum capacitor and can even lead to equipment burnout
and explosion, causing incalculable damage to electronic
equipment [10—12]. As a result, engineers are extra careful
when selecting tantalum capacitors as filter components,
despite their excellent performance. Although breakdown
can occur during the use of the capacitor, the initial defect
is often formed during the anodizing process. Therefore,
a deep and comprehensive understanding of the break-
down mechanism of anodic oxide films is required to avoid
breakdown during manufacturing.

Research on the breakdown of anodic oxide films began
in the 1950s. Vermilyea [13] and Jackson [14] introduced
the concept of field crystallization and experimentally
demonstrated that strong electric fields and high temper-
atures exacerbated the crystallization of oxide films. This
discovery was later confirmed through many experiments
and had a remarkably positive impact on the manufacture
of anode films for Ta- and Nb-based capacitors. Yahalom
and Zahavi put forward several valuable comments on the
crystallization of oxide films, such as (a) the crystallization
of oxide films may be related to the type and concentra-
tion of anions in the electrolyte, (b) the presence of large
compressive stresses inside the oxide film during growth
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promotes the development of crystallization, and (c)
crystallization is a result of breakdown and is controlled
by the oxide-electrolyte interface [15,16]. Subsequently,
Sato derived a mathematical model of the compressive
stress in the anodic oxide film generated by the electrostric-
tion effect and interfacial tension from a thermodynamic
point of view and concluded that this compressive stress
was sufficient to cause mechanical stress breakdown of
the oxide film [17]. Yang et al. observed the evolution of
stresses and strains in Ta oxide films under strong elec-
tric fields, but they concluded that the compressive stresses
came from multiple contributions [18,19]. Nevertheless,
the biggest doubt in the theory lies in the inability to
provide a reasonable explanation for the positive strain
and positive stress in the oxide film [20]. A major break-
through in the breakdown mechanism occurred in 1976
when Ikonopisov developed a mathematical model for the
avalanche breakdown of Ta oxide films, which matched
well with experimental observations [21]. The avalanche
breakdown theory was further developed by Kadary et al.
and applied to describe the breakdown behavior of alu-
minum oxide, again showing a great deal of realism
[22,23]. Unfortunately, the model regarding the electrolyte
for electron injection is considered based on the tight
metallic contact in solid-state physics. In other words, the
electrolyte in the model can emit electrons directly into the
oxide film, which is obviously unreasonable. To explain
this behavior, Christov speculated that the electrolyte could
be modeled as a doped semiconductor that injected elec-
trons into the oxide [9]. However, although such a model
reproduces the functional form of the leakage current, it
has no physical basis [24]. Albella et al. further developed
the theory of avalanche breakdown by suggesting that the
anions entering the interior of the oxide film could act as
discharge centers and inject electrons released from impu-
rities into the conduction band of the oxide film through
a field-ionization mechanism, which, in turn, triggered
avalanche breakdown [25-27]. The theory can reason-
ably explain the main features of the breakdown problem,
i.e., the critical thickness of breakdown, the appearance
of sparks, and the variation of breakdown voltage with
electrolyte concentration. However, this hypothesis has not
been confirmed by experiments. Since then, a few papers
have been published on the study of anodic oxide films
[28-31], but the breakdown mechanism has hardly been
further developed.

This brief overview reveals that the underlying mech-
anism governing the breakdown phenomenon in metal-
oxide-electrolyte systems is still controversial. In the
broader context, it is still doubtful whether it is mechani-
cal or electrical stress breakdown. Now first in assuming
their reasonableness, there are still three specific issues
in dispute. In summary, the main points are as follows.
(i) Avalanche breakdown provides a good description of
the breakdown mechanism in oxide films, but what is the

source of the electrons injected into the oxide film from the
electrolyte? (ii) It can be observed in the experiment that
there are also obvious bumps or pits on the local surface
of the oxide film [14,32]. This is clearly not explained by
compressive stress, so what is the source of these defects?
(ii1) Numerous studies have shown that anions in solution
penetrate deep into the oxide film [28,29,31], but what
effect do they have on dielectric breakdown? Therefore,
further research on the breakdown mechanism of Ta oxide
films is necessary to give a clear answer to the above ques-
tions. Only in this way is it possible to suppress breakdown
to the greatest extent possible from the root.

Here, we have conducted a comprehensive study of the
morphology and surface properties of Ta anodic oxide
films. Accordingly, an alternative viewpoint is proposed
that can reasonably explain several doubts in the break-
down mechanism of anodic oxide films. Under the guid-
ance of this theory, Ta pentoxide films with high quality
were prepared.

I. RESULTS AND DISCUSSION

A. The discovery and demonstration of “oxygen
crystallization”

In fact, Haring suggested as early as the 1950s that
the crystallization of Ta oxide films might be related to
the evolution of oxygen on the surface. He firmly states
that “oxygen gas is evolved when film breakdown occurs”
[33]. However, numerous academic sources indicate that
the formation efficiency of Ta is almost close to 100%,
which means that oxygen bubbles are difficult to observe
[34,35]. It was not until 2011 that Hammer et al. once
again reported this phenomenon, which contradicted the
literature, that “a large amount of oxygen was found to
be evolved from the anode during the manufacturing pro-
cess of electrolytic capacitors” [36]. Their results show
that the formation of visible oxygen bubbles requires a
current density of >1 mA cm™2. Therefore, to further
amplify this phenomenon, we chose a current density of
10 mA cm™2 for anodic oxidation in 0.1-wt % H,SO,4 and
H3POy, solutions at 85 °C. Figures S1(a), S1(b), S1(d), and
S1(e) within the Supplemental Material record the real-
time scenes when the voltage has just reached 35 V and
after holding at 100 V for 20 min [37]. It can be seen
that there are more bubbles on the surface of the sam-
ple in sulfuric acid than in phosphoric acid during the
whole anodic oxidation process. Figures 1(a)-1(d) show
SEM photographs of the surface and cross section of the
oxide films obtained in sulfuric acid and phosphoric acid.
Small white dots or particles can be seen distributed on
the dark gray substrate. Raman spectroscopy analysis [37]
shows that this is a sign of crystallization of the Ta,Os film
(see Fig. S2 within the Supplemental Material [37]). In
addition, a large number of circular dimples can be seen
distributed on the surface of the sample in Fig. 1(a), while

054066-2



INSIGHTS INTO THE BREAKDOWN...

PHYS. REV. APPLIED 21, 054066 (2024)

there are few dimples in Fig. 1(b). These features have
also been observed in previous studies [14,32], but there
is no explanation for their formation. Interestingly, we
found that the number of both crystalline spots and circular
dimples was proportional to the rate of oxygen precipita-
tion from the sample surface during the anodizing process.
Therefore, this suggests that there may be a correlation
between the yield of oxygen bubbles and the crystalliza-
tion of the oxide film. Fortunately, we did observe oxygen
bubbles in the cross sections of the Ta oxide films obtained
in both sulfuric acid and phosphoric acid, and the num-
ber of oxygen bubbles in the former was much higher than
in the latter, which was consistent with what was observed
for anodic oxidation. Notably, the location of some oxygen
bubbles corresponds to the location of dimples and crystal-
lites, suggesting that it may be the oxygen bubbles that are
responsible for these defects.

To further verify our inference, the following experi-
ments were designed to investigate this from both positive
and negative perspectives. A 0.1-wt % aqueous phosphoric
acid solution was chosen as the electrolyte for the anodic
oxidation at room temperature (~25 °C).

(i) A strong antioxidant, citric acid (CA), of 10 mM
is added to the electrolyte to minimize the oxidation of
adsorbed 0%~ to oxygen. If the crystallization on the sur-
face weakens as the oxygen bubble in the Ta oxide film
decreases, this indicates that crystallization is the result of
oxygen evolution.

(il)) Adding 10 mM of the strong oxidizing agent
H,0, to the electrolyte serves to produce more oxygen

FIG. 1.
(a),(c) and phosphoric acid (b),(d).

under electrolytic conditions. If the number of oxygen
bubbles in the Ta oxide film becomes larger and the num-
ber of crystallization sites on the surface increases with
the oxygen bubbles, this again proves that the evolution
of oxygen causes crystallization.

Figure 2(a) shows a cross section of the anodic oxide film
of Tain 0.1-wt % H3POy4 at 100 V. It can be seen that there
are more defects on the external surface of the oxide film
and the number of oxygen bubbles on the cross section is
high. However, the surface of the anodized film with CA
added is very clean and hardly any crystallization points
are visible [see Figs. 2(b) and 2(e)]. More importantly,
there are no oxygen bubbles inside the oxide film. On the
contrary, the oxide film with the addition of H,O, has a
large number of oxygen bubbles inside and crystalliza-
tion on the external surface is more serious [Figs. 2(c)
and 2(f)]. The above results indicate that crystallization
becomes more intense with an increasing number of oxy-
gen bubbles and diminishes with a decreasing number of
oxygen bubbles, suggesting that it is indeed the evolu-
tion of oxygen that leads to crystallization. To this end,
we have identified and demonstrated that oxygen bubbles
are a key trigger for the crystallization of Ta anode oxide
films, which has not been mentioned in previous studies.
Therefore, this crystallization mechanism is referred to as
“oxygen crystallization” in this paper.

B. Mechanisms of stress and strain generation

Understanding the evolution of oxygen bubbles is
crucial to explain the crystallization of Ta oxide films,

(b)

Surface and cross-section morphology of the samples after holding at 85 °C for 20 min at 100 V in 0.1-wt % sulfuric acid
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(b) HsPOs+ 10-mM (C)

- HsPOu+ 10-mM H:0-

FIG. 2. Cross sections after anodic oxidation in 0.1-wt% H3 POy, solution [(a),(d)], 0.1-wt% H3PO4 4 10-mM CA [(b),(e)], 0.1-wt%

H3PO4 + 10-mM H,0; [(c),(f)] at 25 °C for 30 min at 100 V.

as it is closely related to the surface morphology of the
oxide film (bumps and pits). Therefore, we monitored the
different stages of the anodic oxidation process of Ta at
100 V. Figure 3(a) shows the cross-section shape of the
Ta oxide film when it first reaches 30 V. No oxygen bub-
bles were present in the interior of the oxide film and
no crystallization was found on the surface of the oxide
film. The oxide film becomes thicker when the voltage
reaches 60 V, but still no oxygen bubbles and crystalliza-
tion are seen [Fig. 3(b)]. As the oxide film continued to
thicken, an olive-shaped oxygen bubble with a length of
about 150 nm was found in Fig. 3(c). As can be seen
from the inset in Fig. 3(c), there is still no defect gen-
eration on the oxide film surface, probably because the
oxygen bubbles are too small and far from the surface.
Figure 3(d) shows that, as the oxidation time increases, the
oxygen bubble becomes larger and closer to the outer side
of the oxide film. It is noteworthy that at this moment a
small number of crystalline spots and circular dimples are
shown in the illustration of Fig. 3(d). It can be inferred that
this may be due to the further enlargement of the oxygen
bubble. The information in Fig. 3(e) then directly verifies
our inference. It can be seen that the size of the oxygen
bubble is already around 200 nm and very close to the
outer side of the oxide film, so that the dimples are visi-
ble to the naked eye. In addition to the pits, a significant
positive strain on the oxide film surface, i.e., bulging, as
described above, can be observed in the inset of Fig. 3(e).
Particularly noteworthy are the obvious air pores in the
region where positive strain is generated. It is not diffi-
cult to speculate that this is the result of oxygen-bubble
rupture.

Figure 3(f) provides us with more visual evidence. It
can be seen that most of the oxygen bubbles have ruptured
and left defects, such as pores, cracks, and bumps, on the
surface.

Interestingly, crystallization around the gas pores is
more severe, as can be seen in the illustration. When
the constant-voltage duration is extended to 60 min, the
oxide film undergoes rather severe crystallization (Fig. S3
within the Supplemental Material [37]). However, chan-
nels left by oxygen-bubble evolution are still observed in
the crystalline film [see Fig. 3(g)].

Therefore, it can be concluded that the surface defects
observed in previous studies, such as positive strain and
dimples, as well as crystallization, are all related to the
evolution of oxygen bubbles. It is important to recog-
nize that both dimples and bulges seen on the surface of
the oxide film indicate the presence of significant stresses
within the oxide film. Previous studies have shown that, for
aluminum oxide films, the internal pressure of an oxygen
bubble with a radius of 20 nm can be as high as 100 MPa
[44]. Similar results were obtained within anodic oxide
films of aluminum-copper alloys [45]. Based on this, we
can deduce that for those bubbles with an internal pres-
sure greater than the surface tension of the oxide film it is
easy to form a bulge or even directly lead to the break-
age of the oxide film [as shown by oxygen-bubble b in
Fig. 3(h)]. While for those oxygen bubbles that are close
to the surface and the internal pressure is lower than the
surface tension of the oxide film, they are most likely to
form dimples [as shown by oxygen-bubble ¢ in Fig. 3(h)].
However, for those oxygen bubbles that are far from the
oxide film (bubble a), the internal pressure is likely to be
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FIG. 3.

(d)

(f) Reached 100 V

100 V-45 min
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Cross-section morphology of anodic oxide film at different stages during the process of voltage rising to 100 V in 0.1-wt %

H3PO4 solution at 85 °C: (a) reached 30 V; (b) reached 60 V; (c) reached 100 V; holding at 100 V for (d) 10 min, (¢) 30 min, (f) 45 min,
and (g) 60 min. (h) Schematic diagram of the oxygen bubble in different states.

equal to the surface tension of the oxide film and it will not
exhibit significant strain.

In addition to creating stress within the oxide film, the
presence of oxygen bubbles may also cause a concen-
tration of electric fields (which is described in Sec. I C
[Figs. 5(1}-5()]). This is because the thickness of the oxide
film is less than the average thickness in the presence of
oxygen bubbles, where the electric field strength is more
concentrated at the same voltage. As a result, the area
with oxygen bubbles acts as a concentration of both elec-
tric field and stress and is more likely to have breakdown.
Therefore, the breakdown of the Ta oxide film should be a
coupling of stress breakdown and avalanche breakdown.

C. Origin of injected electrons in avalanche
breakdown

To elucidate the origin of injected electrons in the
avalanche-breakdown mechanism, it is necessary to further
investigate the mechanism of oxygen-bubble generation.
Figures 4(a) and 4(b) show the cross sections of the Ta
oxide films at different locations after the voltage is held
at 100 V for 30 min. Two oxygen bubbles with a diame-
ter of about 200 nm can be seen in Fig. 4(a). Based on the
size of the oxygen bubble, it can be determined that the
bubble has been formed for some time. However, another
oxygen bubble in Fig. 4(b) is much smaller (~50 nm). This
suggests that the formation of oxygen bubbles in the oxide
film is most likely not simultaneous. In addition, we know
that the anodic-oxide-film—electrolyte interface is not fixed
but growing during the anodic oxidation process. There-
fore, combined with the location of the two bubbles in the
oxide film, we can infer that oxygen bubbles may be con-
tinuously generated at the new oxidation-film—electrolyte
interface. To facilitate understanding, we give a diagram

of oxygen-bubble generation in Fig. 4(c). Once oxygen
bubbles appear at the newly grown interface, they isolate
the entry of the electrolyte and eventually form inclusions
within the oxide film. It is undeniable that oxygen bubbles
may also form at the metal-oxide—film interface. We did
also find a small number of bubbles of this type charac-
terized by a pronounced rising trailing tail (shown in Fig.
S4 within the Supplemental Material), which was quite
different from the type of bubbles we studied [37]. Inter-
estingly, as can be seen in Fig. 1(c), oxygen bubbles are
distributed at different heights along the oxide film. These
results suggest that the oxide-film—electrolyte interface has
an important influence on the formation of oxygen bubbles.
Also, it is important to mention that Fig. 1 shows more
oxygen bubbles in the oxide film grown in sulfuric acid
than in phosphoric acid. This suggests that the anion may
also have an important effect on the physical and chemical
properties of the oxide-film—electrolyte interface.

To further investigate the interfacial properties of the
anodic oxide films, XPS measurements were performed on
Ta anodic oxide films grown in sulfuric acid and phospho-
ric acid. Figures 5(a) and 5(c) show the typical XPS results
for the Ta 4f core level of the oxide films obtained in
sulfuric acid and phosphoric acid, respectively. Ta 4f 7/2
and Ta 4f 5/2 peaks appear at 26.2 and 28.0 eV, respec-
tively, indicating the existence of Ta species in the form
of Ta>* [Fig. 5(a)] [46—50]. In addition, the characteristic
peaks of Ta** can be seen at 25.7 and 27.8 eV, indicating
the presence of small amounts of low-valent Ta oxides.
The oxide films obtained in sulfuric acid show similar
spectra, but the area of the characteristic peaks represent-
ing Ta*" is more dominant, indicating that the Ta oxide
contains more oxygen vacancies (O-V) [51]. More infor-
mation about the oxygen vacancies can be obtained by
analyzing the XPS spectra of O in Figs. 5(b) and 5(d).
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FIG. 4. Oxygen bubbles observed at different locations in the same oxide film after holding at 85°C at 100 V for 30 min: (a)
close to the outer side of the oxide film, (b) far from the outer side of the oxide film. (¢) Schematic diagram of the evolution of the

oxide-film—electrolyte interface.

The O 2p orbitals show four XPS peaks at 530.3, 531.0,
532.0, and 533.2 that can be attributed to lattice oxygen,
O vacancies, sulfate, and adsorbed oxygen on the surface,
respectively [47,48] [Fig. 5(b)]. The XPS results for the O
2p orbitals shown in Fig. 5(d) are similar to the former,
except that the lattice oxygen is shifted by 0.2 eV toward
the high-binding energy and the peak of O-V is weaker.
This indicates that the O-F concentration in the Ta oxide
film obtained in phosphoric acid is lower. In addition, Figs.
S5(a) and S5(b) within the Supplemental Material show
the XPS peaks of sulfate and phosphate, which indicate
that sulfate and phosphate are indeed present in the oxide
film and chemically bonded to it [37]. The presence of
O-V was further verified by electron paramagnetic reso-
nance (EPR) spectra [Fig. 5(e)]. It can be seen that the
oxide film prepared in sulfuric acid shows a strong EPR
signal at g =2.003, demonstrating the rich oxygen defects
in the Ta oxide film [39]. It is important to note here that
these oxygen defects are shown to be most likely oxy-
gen vacancies occupied by one electron (denoted by V,™)
[52]. However, the EPR signal of the oxide film obtained
in phosphoric acid is weaker, indicating a lower content
of V,T. Figure 5(f) shows the UV-vis absorption spec-
tra of both oxide films. The absorption peaks located in
the 300400 cm ™' range are attributed to the excitation of
electrons trapped in 7, within the oxide film. The two
absorption peaks in the visible range are due to the color of
the oxide film itself and the interference effect of light [53—
58]. It is of interest that the UV-absorption spectrum of the
oxide film prepared in sulfuric acid undergoes a significant

redshift compared to that obtained in phosphoric acid. This
indicates that the band gap of the Ta oxide film prepared
in phosphoric acid is higher. From a solid-state physics
perspective, materials with high band gaps tend to require
larger breakdown field strengths. Furthermore, the electro-
chemical impedance spectroscopy (EIS) results in Fig. 5(g)
show that the Ta oxide film obtained in sulfuric acid has a
smaller charge-transfer resistance (R) due to the presence
of more V, ™ within the oxide film.

In addition, we analyzed the thermal stability of both
oxide films. Since Ta oxide films are difficult to peel off,
the samples used for thermogravimetric (TG) and differen-
tial scanning calorimetry (DSC) testing are Ta foils with
an anodic oxide film covering the surface. In other words,
the sample consists of a Ta oxide film on the outside and
a Ta core on the inside. If the oxide film is rich in V™,
oxygen from the environment will bind more easily to the
Ta core at high temperatures, leading to an increase in sam-
ple mass. From Fig. 5(h), it can be seen that the mass of the
sample prepared in sulfuric acid begins to increase at lower
temperatures (~650 °C), which further proves that its V,*
content is higher. Clearly, all of the above results indicate
that the Ta pentoxide films prepared by anodic oxidation
contain V,T, and that the Ta oxide films obtained in phos-
phoric acid contain fewer V,*. Therefore, it is not difficult
to understand that it is the presence of ¥, that promotes
the production of oxygen bubbles. After all, numerous
studies on the theory of electrochemical catalysis have
shown that V,* in substances can act as catalytic cen-
ters to promote oxygen evolution reactions [59—63]. The
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FIG. 5. Oxide films obtained in 0.1-wt % H,SO4 solution and
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of Ta 4f (a),(c), O 1s (b),(d); EPR spectra (e); UV-vis absorp-
tion curves (f); EIS (g); TGA-DSC curves (h); simulations of the
potential distribution in a perfect dielectric (i) and in a dielectric
with oxygen bubbles (j).

electrons released from the oxygen ions to the oxide film
are the main source of injected electrons in the avalanche
breakdown.

To explore the effect of oxygen bubbles on the potential
distribution, we performed numerical simulations using
finite-element software (COMSOL). A metal-insulator-metal
(M-I-M) structure was used instead of the metal-insulator-
electrolyte system. The model was built based on the SEM

cross section with a voltage of 100 V applied to the top
edge and the bottom edge was grounded. The dielectric
constant was set to 27. See Fig. S6 within the Supplemen-
tal Material for specific information on the M-/-M model
[37]. As can be seen from Fig. 5(i), the electric poten-
tial distribution in the perfect dielectric is quite uniform.
However, once oxygen bubbles form in the oxide film,
they cause a steep increase in the local electric potential
[Fig. 5()]. As a result, the initial injected electrons are
accelerated and multiplied by the localized strong electric
field, which, in turn, induces an avalanche breakdown of
the dielectric.

D. Effect of anions on oxygen vacancies

From the discussion in the previous section, it was found
that different anions led to different concentrations of oxy-
gen vacancies. To explain this behavior, we calculated the
HOMO and LUMO of three major species (a detailed dis-
cussion of ion types and contents is provided in Table S1
within the Supplemental Material [37]) present in solution,
as shown in Fig. 6(a). It can be seen that the HOMO of
all three species is distributed on an oxygen atom with
no proton attached, indicating that the oxygen atom is
a donor of electrons. Importantly, the HOMO energy of
the three species is SOﬁ_ > H,PO, > H3PO;, indicat-
ing that SO?[ has a stronger ability to donate electrons
to the surface. Furthermore, it has been shown that the
Fermi-energy level (relative to the vacuum-energy level)
of TayO5 is —4.25 eV [64]. However, taking into account
the oxygen vacancy, we assume that the Fermi-energy
level rises by 0.3 eV to —3.95 eV [51]. Thus, the Fermi-
energy level of Ta;Os is much lower than the HOMO-
energy level of the three species. According to the frontier
molecular orbital theory [65,66], charge will be transferred
from the HOMO of the adsorbate to the empty orbitals
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FIG. 6. (a) HOMO, LUMO, and energy gaps of SOi_,
H,PO,, and H3PO4. (b) Schematic illustration of the Fermi
energy levels of the Ta oxide film relative to the HOMO-LUMO
energy levels of SOi_.
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of 5-mM CA to 0.1-wt % H3PO4 solution at 85 °C; (c) leakage current density and (d) tand of the oxide films prepared in the three

electrolytes.

(Ta 5d) of Ta0s. To depict this mechanism more clearly,
a schematic diagram is drawn, as shown in Fig. 6(b).
Apparently, charge transfer from SO?[ to Ta 5d orbitals is
easier because of its higher HOMO energy. As a result, the
valence state of Ta is lower in the Ta oxide film obtained
in 0.1-wt % sulfuric acid solution.

E. Anodizing process improvement

Based on the above theoretical analysis, we recognize
that oxygen bubbles are an important cause of dielectric
breakdown. Therefore, it is necessary to avoid the genera-
tion of oxygen bubbles in the growth of the anodic oxide
film. CA is a strong reducing agent that prevents oxygen
ions from being oxidized to oxygen. It can be seen from
Figs. 7(a) and 7(b) that, despite anodic oxidation at high
temperature and high current density, the oxide film shows
almost no crystallization; this is attributed to the reduc-
tion of oxygen bubbles. Furthermore, Fig. 7(c) shows that
sample 3 has the lowest leakage current density, which is
only 2.8% of sample 1 and 12.6% of sample 2. The value
of tan$ for sample 3 is only 0.02, which is much lower
than those of samples 1 and 2, indicating that its oxide
film is of good quality, as seen in Fig. 7(d). Therefore,
the view of the breakdown mechanism of oxide films pre-
sented in this work is valid and will have a wide impact on
the high-quality preparation of anodic oxide films of valve
metals.

II. CONCLUSIONS

We found that the oxygen bubbles generated at the
oxide-film—electrolyte interface during the anodic oxida-
tion process were an important cause of the crystallization
of Ta oxide films. The validity of this theory is mainly
attributed to its ability to give reasonable answers to some
of the main questions regarding the breakdown mechanism
of the oxide film. First, our study shows that the Ta oxide
film contains enough oxygen vacancies that their presence
induces the release of electrons from the oxygen ions in
the electrolyte to the oxide-film interface, thus generat-
ing oxygen. This process reasonably explains the origin of
the injection electrons in the avalanche-breakdown mech-
anism. Second, the oxygen bubble has a large internal
pressure, which is sufficient to be a source of internal stress
in the oxide film. Therefore, the macroscopic strain of the
oxide film can be attributed to the coupling of the inter-
nal pressure and surface tension of the oxygen bubble.
Third, anions exhibit different reducibility, depending on
their HOMO energies, which could explain the differences
in the concentration of oxygen vacancies in Ta oxide films
obtained in different electrolytes. Thus, our work opens an
alternative perspective for the study of breakdown mech-
anisms of anodic oxide films. Nevertheless, some factors
that have a significant effect on the electronic structure of
solids, such as amorphous states, electric fields, and anion
entry, have not been considered at the theoretical level of
this work and will be the focus of future work.
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1. METHODS

A. Specimen preparation

The Ta foil used in this work has a purity of 99.95%
and a thickness of 30 um, and it was purchased from
Nanfang Tantalum Niobium Co. Ltd. Ta foil was cut into
1-cm? squares and spot-welded with 3-cm Ta wire as a
handle for operation. The welded Ta electrodes (small Ta
foil with handle) were ultrasonically cleaned in deion-
ized water, alcohol, and acetone for 10 min, and finally
rinsed with deionized water and placed in a vacuum oven
(60 °C). To ensure the uniformity of the flatness of the Ta
electrode, the Ta electrode was chemically polished in a
mixture of hydrofluoric acid (HF) and nitric acid (HNOs3)
(analytical grade, volume ratio of 2:5) for 1-2 min before
use. The polished Ta electrode was carefully cleaned with
deionized water before anodizing. The anodic oxidation
process was carried out under constant current followed
by constant-voltage mode; the voltage was set to 100 V
and the constant-voltage time was generally 30 min if not
specified. All anodic oxidation processes were based on a
two-electrode system, in which the anode was a Ta elec-
trode and the cathode was a platinum sheet with an area of
8 cm?. The electrolytes used in the experiments were aque-
ous solutions of sulfuric acid (H,SO4) and phosphoric acid
(H3POy4) (analytical grade). The dc power supply (model
TN-XXZ02 DC) provided the required constant voltage.

B. Electrical performance measurements

All withstanding voltage and leakage current tests were
performed on the TV-3CH instrument model (Yangzhou
Baoou Electronics Co., Ltd., Yangzhou, China). The test
conditions were as follows: the charging current density
was 0.2 mA cm~2, the maximum charging time allowed
was 180 s, leakage current testing was performed at an
applied voltage of 90 V (90% of the formation voltage),
and the test duration was 180 s. The electrolyte used
in all withstand voltage and leakage current tests was a
0.1-wt % phosphoric acid aqueous solution with a temper-
ature of approximately 25 °C. An LCR meter (KEYSIGHT
E4980AL) was used to measure the capacitance density
(C) and the dissipation factor (tand) at a fixed frequency
of 100 Hz. The test solution used was a 30-wt % aqueous
solution of sulfuric acid. The above electrical parameters
were measured according to the group standard of the
China Electronic Components Industry Association. EIS
was performed using the Versatile Multichannel Poten-
tiostat 2/Z (VMP2, Princeton Applied Research) elec-
trochemical workstation. All electrochemical tests were
performed in a three-electrode system with a saturated
calomel electrode as the reference electrode and a plat-
inum sheet as the counter electrode. To avoid the effect
of chloride ions on the oxide film, we connected the refer-
ence electrode to the test solution using a salt bridge filled

with 0.1-wt % H3 POy solution. To reduce the effect of solu-
tion resistance, the distance between the Luggin capillary
(salt bridge) and the working electrode is about 1-2 mm,
which is slightly larger than the outer diameter of the Lug-
gin capillary [6]. EIS data were obtained in the frequency
range between 100 kHz and 0.1 Hz with an ac signal with
a potential amplitude of 10 mV as a perturbation.

C. Characterization

Field-emission SEM (model S4800) was used to
observe the microscopic morphology [extra high tension
(EHT) = 5 kV, working distance (WD) = 8.6 mm, sig-
nal A = SE2] of the Ta anodic oxide film. XPS data
were collected on a Thermo Fisher ESCALAB Xi instru-
ment. The spectra were fitted using Gaussian and hybrid
Gaussian-Lorentzian functions. The peak positions were
then calibrated to the C 1s peak at 284.8 eV. The reflection
and absorption spectra were measured on a PE Lambda950
UV—Vis—near-IR spectrophotometer. The EPR spectra
(A300-9.5/12) were obtained at a microwave frequency
of 9.86 GHz at 300 K. The thermal stability of three
oxide films was analyzed by TGA and DSC (METTLER
TOLEDO, Greifensee, Switzerland).

D. Computational details

In this work, the highest occupied molecular orbitals
(HOMOs) and lowest unoccupied molecular orbitals
(LUMOs) for three species were obtained using the
Gaussian09 program code [67]. The geometries of the
molecules were optimized using the B3LYP density func-
tional and the 6-31G(d) orbital basis set. The HOMOs and
LUMOs were analyzed using the Multiwfn package [68]
and Visual Molecular Dynamics program [69].
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