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Abstract: Anodic oxides were grown to 50 V on Ta-Nb sputtering deposited alloys, with high Nb
content, in acetate ions containing an aqueous solution to study the effect of the anodizing bath
composition on anodic layers” dielectric properties. Photoelectrochemical measurements proved
the presence of a photocurrent in the band gap of photon energy lower than oxides, due to optical
transitions involving localized electronic states as a consequence of acetate ions incorporation. Flat
band potential value estimates assessed the insulating nature of the anodic oxides grown in the
acetate buffer solution. Differential capacitance measurements showed that the highest capacitance
value was measured for the sample grown on Ta-66%Nb. This capacitance value was higher with
respect to those estimated for pure Ta and pure Nb anodic layers and with respect to the same alloy
anodized in NaOH solution, i.e., acetate-free anodizing bath.
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1. Introduction

Anodizing is a low-temperature, low-cost electrochemical process which allows the
growth of oxide layers of tunable composition and properties on the surface of the so-called
valve metals (e.g., Nb, Ta, Al, etc.) and valve metal alloys. By a careful choice of process
parameters, it is possible to fabricate oxides with very well-controlled features. In fact,
controlling anodizing conditions has a direct influence on oxide layer thickness and on
its crystalline or amorphous nature, while the composition of an electrolytic bath and the
base alloy affect the composition of the oxides. Moreover, it is important to consider the
effect related to the possible incorporation of foreign species coming from the solution into
the anodic layer and the role of pH and aggressive ions in determining the morphology
of the growing layer, changing from barrier to porous films [1-3]. Since anodizing is a
well-established industrial process, understanding how the operating parameters affect
the properties of the anodic oxides, therefore, their performance as dielectric materials is a
key point.

Anodizing is currently used as a formation step in the manufacturing process of
electrolytic capacitors to grow an oxide layer on the surface of aluminum or tantalum,
since Al;O3 and TayOs are the main dielectric materials used in electrolytic capacitors.
The operating conditions of the anodizing process, e.g., formation voltage, temperature,
anodizing bath composition, must be carefully selected since they can affect morphological
and electronic properties of the anodic oxides and, consequently, can affect the performance
of the final device in terms of specific capacitance and leakage current. Therefore, at the
industrial level, high dielectric constant and insulating materials were chosen for high-
performance electrolytic capacitors. TayOs has a high dielectric constant (e = 22—30 [4,5])
and a band gap of 3.9-4.3 eV [6,7] while Al,Os3 is a very insulating material (band gap
between 6.2 and 8 eV [8,9]) but with a low dielectric constant (¢ =9 [10]).

In the last decades, research efforts focused on the study of oxides with high capac-
itance and insulating nature to meet both material’s requirements for high-performance
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electrolytic capacitors. It was proved that a valuable strategy to increase the dielectric
constant value of TayO5 is anodizing Ta alloys, as Ta-Nb alloys, for example, since pure
Nb;,Os has higher dielectric constant (¢ ~ 50 [11-13]) with respect to pure Ta oxide, ob-
taining mixed Ta-Nb oxides with a higher dielectric constant and capacitance than those
of TapOs5 [12-14]. Mixed oxides can also be used as functional materials for many other
applications, such as magnetic/electronic devices [15,16], for corrosion protection [17] or as
energy storage materials [18].

Anodizing sputtering deposited Ta-Nb alloys allows for the growth of mixed oxides
by a cooperative transport of O?~ ions from the oxide/electrolyte interface toward the
metal/oxide interface and cations in the opposite direction. According to the transmission
electron microscopy images of ultramicrotome cross sections of anodized alloys, these
oxides are amorphous, featureless, compact and uniform, as expected for barrier layers on
valve metals such as tantalum and niobium [3,14]. According to Rutherford Back Scattering
analysis, the Ta-Nb ratio in the mixed oxide is almost coincident with that of the base
alloys [14].

Moreover, previous studies have established that the incorporation of certain foreign
species from the electrolyte during the anodizing process can further increase the dielectric
constant of valve metal oxides [19-22]. However, the incorporation of such species can
affect the electronic properties of the anodic oxides changing the density of states (DoS)
distribution inside the oxides because it can cause the formation of allowed localized states
inside the band gap of the materials. Since the electronic properties of the oxides are
directly related to the leakage current, a study on the effect on the electronic properties of
the incorporation of foreign ions during anodizing is needed.

In this work, we want to study the effect of acetate incorporation on the electronic
properties of 50 V anodic films grown on Ta-Nb sputtering deposited alloys of several
compositions by the synergistic use of photoelectrochemical and impedance measurements
with a specific interest in the dielectric constant. A survey of the published literature
shows that there are previous papers [12-14,21,23] focused on anodic films on Ta-Nb alloys
but with different thicknesses, compositions and, thus, electronic properties. In this aim,
the alloys were anodized in an acetate buffer aqueous solution at a formation voltage of
50 V. Photoelectrochemical measurements were carried out to get information about the
electronic properties of the mixed oxides, such as optical band gap, flat band potential
and semiconducting/insulating nature. The effect of such incorporation on the dielectric
properties was studied by differential capacitance measurements and electrochemical
impedance spectroscopy. Finally, leakage current measurements were carried out as a
function of anodizing bath composition.

2. Materials and Methods

Ta-Nb alloys were deposited by dc magnetron sputtering on glass substrates. Deposi-
tion targets were a 99.9% Nb disk (100 mm diameter) and different 99.9% Ta disks (20 mm
diameter) located symmetrically on the erosion zone of the Nb target. The sputtering
chamber was initially evacuated to ~5 x 10~ Pa and then, the sputtering deposition was
carried out in 99.999% argon (~0.3 Pa) at 0.5 A for 600 s. The anodizing process was carried
out potentiodynamically at 100 mV s~! up to a formation voltage of 50 V in a 0.1 M Acetic
Acid and 0.1 M Sodium Acetate aqueous solution (Acetate Buffer Solution, ABS) at pH = 6.
The temperature was set at 25 °C and no mixing action was used.

The experimental set-up employed for the photoelectrochemical investigations con-
sisted of a 450 W UV-VIS xenon lamp coupled with a monochromator (Kratos), which
allows monochromatic irradiation of the sample surface through a quartz window of the
electrochemical cell. A two-phase lock-in amplifier (EG&G) was used and connected with
a mechanical chopper (working at 13 Hz) in order to separate the photocurrent from the
total current circulating in the cell due to the potentiostatic control. Photocurrent spectra
reported in the text are corrected for the relative photon flux of the light source at each wave-
length, so that the photocurrent yield (Qpp) is represented in the y-axis in arbitrary current
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units. All the experiments were performed in air at room temperature. The characterization
electrolyte was a 0.1 M Ammonium Biborate (ABE, pH = 8.5) aqueous solution.

For all the electrochemical and photo-electrochemical experiments, the reference
electrode was a saturated silver/silver chloride electrode (0 V vs. Ag/AgCl = 0.197 V
vs. SHE).

Differential capacitance measurements and Electrochemical Impedance Spectra were
recorded in a 0.25 M Na,HPOj solution (pH~9) by using a Parstat 2263 (PAR), connected
to a PC for the data acquisition. For all the experiments, the counter electrode was a Pt net
having a very high surface area. The amplitude of ac voltage signal was 10 mV and the
frequency range for EIS measurements was 100 kHz-100 mHz.

3. Results and Discussion

Table 1 reports the current density values measured during the potentiodynamic
anodizing of Nb, Ta and Nb-Ta alloys at 100 mV s~! in ABS. The current density value
increases by increasing the Nb content in the metallic substrate. According to Faraday’s
law and in agreement with the high field mechanism for the anodic film’s growth, it is
possible to estimate the electric field strength, E, from dV /dt, according to Equation (1):

av iEM

= =t 1

at ~ TZF 0 @
in which i is the measured current density during the oxide growth, M is the molecular
weight of the anodic oxide, z is the number of electrons related to the formation of one mole
of oxide (i.e., 10), F is the Faraday constant, p is the anodic oxide density and # is the oxide
growth efficiency. 7 is defined as [12]:
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where i, is the ionic current density that sustains the oxide film growth, iy is the current
density due to oxide dissolution, and i, is the electronic current density. iy is expected to
be negligible since Ta and Nb oxides are thermodynamically stable at pH = 6, as shown
in Pourbaix diagrams relating to Ta and Nb [24], and i,; is negligible due to the blocking
character of the oxides [12]. Equation (1) allows us to estimate the electric field strength, E.
The reciprocal of the latter is the anodizing ratio, k, that was estimated for the investigated
anodic oxides, considering that density and molecular weight values were obtained by
averaging p and M values of Nb,Os and Ta;Os according to the specific alloy composition.
Notably, as reported in literature [13,14] and in agreement with the comparable migration
rate (transport number) of Nb°* and Ta®* ions during the anodizing process [2], the ratio of
Ta/ND in the anodic oxide is almost coincident with the corresponding ratio in the metal
alloy. The knowledge of k is important, since the oxide thickness can be estimated by
multiplying the anodizing ratio for the final formation voltage (see Table 1). It is worth
mentioning that the anodizing ratio of Nb is higher than that of Ta.

Table 1. Anodic oxides growth parameters, including estimated oxides thickness.

Sample i[uA em—2] E[MV em—1] k [nm V-1] d [nm]
Nb 410 37 2.7 135
Ta-85at.%Nb 395 4.0 2.5 124
Ta-66at.%Nb 370 4.5 1.9 112
Ta-39at.%Nb 363 47 2.1 106
Ta-19at.%Nb 304 58 1.7 86
Ta 289 6.2 1.6 81

In order to estimate the optical band gap of anodic oxides, photocurrent spectra
(photocurrent vs. irradiating wavelength curves) were recorded at 8 V vs. Ag/AgCl for all



Nanomaterials 2022, 12, 4439

40f13

the investigated films (see Figure 1). From the photocurrent spectra, the optical band gap
value, Eg opt, can be estimated according to the following relationship [25]:

(Qph ~hv)" e (hv — Eg,opt) 3)

valid for photon energy, hv, in the vicinity of the band gap and where Q,, is the pho-
tocurrent yield, i.e., photocurrent value corrected for the relative photon flux at each
irradiating wavelength.
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Figure 1. Photocurrent spectra relating to anodic films grown up to 50 V vs. cathode in ABS on (a) Ta,
(b) Ta-19at% Nb, (c) Ta-39at% Nb, (d) Ta-66at% Nb, (e) Ta-85at% Nb and (f) Nb, recorded at 8 V vs.
Ag/AgClin 0.1 M ABE.

Assuming non-direct optical transitions (n = 0.5), Eg opt can be estimated by extrap-
olating the so-called Tauc plot, i.e., (Qpp - hv)%5 vs. hv plot, as shown in Figure 2 for the
anodic oxides grown on Nb-Ta alloys in ABS.
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Figure 2. (Qp}1 -hv)02 vs. hy plots relating to photocurrent spectra, shown in Figure 1, for anodic films

grown up to 50 V vs. cathode in ABS on (a) Ta, (b) Ta-19at% Nb, (c) Ta-39at% Nb, (d) Ta-66at% Nb,
(e) Ta-85at% Nb and (f) Nb.

Eg opt values, estimated according to Equation (3), are reported in Table 2.

Table 2. Band gap and second optical absorption threshold values estimated according to Equation (3)
relating to all the anodic oxides.

Base Alloy Egopt [eV] Ers [eV]
Ta 412 n.d.
Ta-19at.%Nb 4.10 3.54
Ta-39at.%Nb 3.85 3.38
Ta-66at.%Nb 3.70 3.37
Ta-85at.%Nb 3.67 3.34
Nb 3.61 3.31

For anodic oxide grown on pure Ta, a Egopt of 4.12 eV was estimated, higher than
the typical band gap value of crystalline TayOs, i.e., 4 eV [7,26]. This condition is usually
associated with the formation of an amorphous film and, more specifically, with the lack of
long-range order causing a distribution of localized states close to the conduction band and
to the valence band [27]. It is worth noting that, for the other anodic oxides except for TayOs,
it was possible to estimate two different absorption threshold values. More specifically,
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the higher ones are related to the energy transitions between the valence and conduction
band since they are close to those estimated for Ta-Nb mixed oxides grown in NaOH
aqueous solution, i.e., in absence of incorporation phenomena from the electrolyte [12].
Conversely, the lower absorption threshold values are due to energy transitions another
then band-to-band transitions. In fact, it was demonstrated that the incorporation of foreign
species, namely anions, to the electrolytic bath during the anodizing process can lead to
the formation of localized states inside the band gap of the semiconducting material, with
consequent photocurrent generation also for irradiating photons with energy lower than
Egopt [21,22,28-30]. In the case of Ta-Nb anodic oxides grown to 50 V in acetate-containing
solution, it can be inferred that the lower absorption threshold, E;g, is due to energy
transitions between localized states (due to acetate ions incorporation) and extended states.
Whether the anodic oxide is used as a dielectric in electrolytic capacitors, understanding the
energy location inside the gap of these localized states is a key aspect, since they can induce
the formation of percolation paths for the electronic conduction with the detrimental
effect of increasing the leakage current. The lower absorption threshold values range
between 3.31 eV for the anodic oxide grown on Nb and 3.54 eV for the oxide grown on
Ta-19at.%Nb (see Table 2). In agreement with this result, it has been recently demonstrated
that organic ion incorporation can happen during anodizing of valve metals [19,31-33]
with the generation of localized states inside the band gap of the oxide [22].

Lon vs. Ug curves at constant irradiating photon wavelength (photocharacteristics)
were recorded in order to study the dependence of photocurrent on the applied potential.
Normalized photocharacteristics (Ipp /Iph max) at 260 nm (i.e., 4.76 eV) for all investigated
oxides are shown in Figure 3.
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Figure 3. Normalized photocharacteristics relating to anodic films grown up to 50 V in ABS on
(a) Ta, (b) Ta-19at% Nb, (c) Ta-39at% Nb, (d) Ta-66at% Nb, (e) Ta-85at% Nb and (f) Nb. Irradiating
wavelength: 260 nm. Potential scan rate: 10 mV s~ 1. Solution: 0.1 M ABE.
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12,000

By sweeping the electrode potential from 8 V vs. Ag/AgClin the cathodic direction,
the measured anodic photocurrent decreased because of decreasing of the applied electric
field across the anodic layer. Moreover, the photocurrent sign changed from anodic to
cathodic (photocurrent phase angle not shown) for sufficient cathodic electrode potentials.
This behaviour is typical of insulating materials, i.e., materials with Fermi level far enough
from conduction/valence band edges, for which it is possible to generate both anodic
and cathodic photocurrent depending on the direction of the applied electric field across
the oxide film. The latter is directly related to the applied electrode potential and to its
difference with respect to the flat band potential, Upg, of the material. Photocurrent sign
inversion potential, Ujny, detected during photocharacteristics recording is expected to
be close to the Upp value. However, a better and more reliable way to estimate the Ugp
value can be done by recording current transients with and without sample irradiation
at different electrode potentials, as shown in Figure 4 where current vs. time curves are
reported for the anodic oxide grown on Ta-85at%Nb to 50 V at three different electrode
potentials, i.e., 8V, =04 Vand —0.5 V vs. Ag/AgCl, at A = 260, 290, 320 and 350 nm.
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Figure 4. Total current circulating without irradiation (off) and with irradiation (on) in the oxide

grown on Ta-85at%NDb to 50 V at A = 260, 290, 320 and 350 nm by polarizing the electrode at (a) 8 V,
(b) —0.4V and (c) —0.5 V vs. Ag/AgClL

At 8V vs. Ag/AgCl (high anodic polarization), the current suddenly increased soon
after sample irradiation, generating an anodic photocurrent (see Figure 4a). At —0.4 V vs.
Ag/AgCl, the photocurrent was still anodic but the stationary value was measured after a
spike of the current after irradiation (see Figure 4b), suggesting the occurrence of strong
recombination phenomena of the photogenerated carriers [29]. At —0.5V vs. Ag/AgCl, the
measured current had an anodic spike; then, it reached a stationary value with a cathodic
photocurrent (see Figure 4c), meaning that —0.5 V vs. Ag/AgCl was an electrode potential
more cathodic with respect to the flat band potential and that Upp is more anodic than
Uiny- The estimated Upp values, according to current transients, for all the anodic oxides
are reported in Table 3.
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Table 3. Flat band potential values estimated with current transients recorded in 0.1 M ABE under

constant irradiating wavelength relating to all the anodic oxides.

Base Alloy Ugg vs. (Ag/AgCl) [V]
Ta —0.90
Ta-19at.%Nb —0.45
Ta-39at.%Nb —0.40
Ta-66at.%Nb —0.45
Ta-85at.%Nb —0.45
Nb —0.50

The difference between Upp and Uiy, can be explained by considering that localized
states inside the band gap of the oxides can also behave as traps for the photogenerated
carriers, modifying the distribution of the electric field at electrode/electrolyte interface [5].
For 50 V anodic oxides grown in ABS, the Upp values resulted to be more positive (anodic)
than those estimated for 50 V films grown on the same alloys in the alkaline solution (i.e.,
0.1 M NaOH) [12]. This result suggests that anodic oxides grown in ABS solution are more
insulating with respect to the same oxides grown in a NaOH solution.

In Figure 5a—f, the electrochemical impedance spectra (EIS) relating to all the inves-
tigated 50 V anodic oxides recorded at 8 V vs. Ag/AgCl are shown. In order to fit the
experimental impedance spectra by properly modeling the electrochemical behaviour of
the metal/anodic layer/electrolyte systems, the equivalent electrical circuit (EEC) shown
in the inset of Figure 5b was used.
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Figure 5. Bode representation of EIS spectra relating to all the investigated 50 V anodic oxides grown
on (a) Ta, (b) Ta-19at% Nb, (c) Ta-39at% Nb, (d) Ta-66at% Nb, (e) Ta-85at% Nb and (f) Nb, recorded
at Ug =8 V vs. Ag/AgCl in 0.25 M NayHPOy. Inset: EEC employed to model the metal/anodic

oxide/electrolyte interfaces.
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For all of the anodic oxides except for Ta;Os, a two-time constant EEC was used, i.e.,
the electrolyte resistance Ry in series with two parallel (RQ), where Q was a constant phase
element (CPE) introduced to model a non-ideal capacitance behaviour. This EEC is related
to a double-layered structure of the anodic oxides grown in ABS solution, taking into
account the possibility that the incorporation of acetate ions from the electrolyte during the
anodizing process is limited to just an outer layer, as happens with other foreign species
incorporation from the electrolyte [28,31,34-37]. The fitting parameters of EIS spectra are
reported in Table 4.

Table 4. Fitting parameters relating to EIS spectra of all the investigated 50 V anodic films using EEC
shown in Figure 5b. In the case of Ta anodic oxide, Riny, is Rox-

Base Alloy [I({flc‘ﬁlf] [QREE:Z] s sg?ﬁrzl x [(;{ m?] S s%:r;%] x
Ta 19 - - - 1 x 100 50x 107 097
Ta-19at.%Nb 15 1 x 100 83x107 095 2x10° 13x 107 099
Ta-39at.%Nb 12 4 x 10° 25%x107% 092 3 x10% 31x107% 085
Ta-66at.%Nb 16 4 % 10° 31x10°% 086 3 x 102 37 x107%  0.84
Ta-85at.%Nb 17 2 x 10° 28x107% 094 3 x10% 54x107°%  0.80
Nb 14 3 x 10° 51x1077 099 1x10° 54 %107 0.87

In order to get information on the dielectric properties of investigated anodic oxides,
differential capacitance measurements were carried out at different ac frequencies. In
Figure 6 we report measured series capacitance, Cy;, curves relating to 50 V oxide on
Ta-66at.%NDb recorded at 10 kHz, 1 kHz and 120 Hz in 0.25 M Nap,HPOy solution (pH~9).

5

& 4 10 kHz

E T 1 kHz

E 3L -=-120 Hz

Q

Q

g2t

S

<

81t

© |
0 1 1 1 1 1 1 1 1 1 I

-2 -1 0 1 2 3 4 5 6 7 8
Ug [V vs. Ag/AgCl]

Figure 6. Measured series capacitance relating to anodic oxide grown up to 50 V on Ta-66at.%Nb
recorded at 10 kHz, 1 kHz and 120 Hz in 0.25 M Na;HPOy solution (pH~9).

It is noteworthy to mention that Cy; depends on the ac frequency, as typical of amor-
phous materials. The dependence of Cy; on the electrode potential is almost negligible as
typical for insulating materials unless the anodic oxide is tested under a strong cathodic
polarization. Cp; measured at 120 Hz for all the investigated anodic oxides is shown
in Figure 7.
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Figure 7. Measured series capacitance relating to all the investigated anodic oxides grown up to 50 V
at 120 Hz in 0.25 M Nay;HPO; solution (pH~9).

Estimating the capacitance of the anodic layer at 120 Hz is particularly important
since usually the commercial capacitor’s performance indicators (e.g., capacitance, ripple
current) are evaluated at this frequency. It is interesting to note that anodic oxides became
more polarizable approaching flat band potential value by increasing Nb content in the
film. The highest measured capacitance, evaluated under high-band-bending conditions
(i.e., at 8 V vs. Ag/AgCl), was measured for the anodic oxide grown on Ta-66at%Nb alloy,
1.7 uF em~2. This value is more than four times higher than that measured for the anodic
oxide on Ta and more than three times higher than that measured for the anodic oxide on
Nb. It is worth mentioning that this capacitance value is also about three times higher than
that of the anodic oxide grown in NaOH solution [21].

An important parameter for the evaluation of a capacitor performance is the leakage
current, which we measured for the anodic oxides grown on Ta-66at%Nb in NaOH and
ABS solutions by applying 37.5 'V, i.e., 75% of formation voltage. Figure 8 shows the current
density vs. time curves related to the leakage current measurement.
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Figure 8. Leakage current measurement for the anodic oxides grown on Ta-66at%Nb alloy in NaOH
and ABS solutions at 50 V by applying 37.5 V for 1000 s.

The leakage current measured for the anodic oxide grown in NaOH solution, i.e.,
non-incorporating anodizing bath, was 50 mA cm~2 whilst that measured for the anodic
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oxide grown in ABS was 5 mA cm 2, i.e., 10 times lower. This result is in agreement

with the higher insulating nature of the anodic oxide grown in ABS, showing a better
blocking behaviour that is a crucial feature for the usage of this oxide as the dielectric in
electrolytic capacitors.

4. Conclusions

Anodic oxides were grown potentiodynamically on Ta-Nb alloys with several compo-
sitions to 50 V in acetate-containing aqueous electrolyte with the goal to obtain dielectric
materials with high specific capacitance to be used in electrolytic capacitors.

Photoelectrochemical measurements assessed a redshift in the optical absorption for
all the anodic oxides, except for anodic oxide grown on pure Ta, with a second optical
threshold value ranging between 3.31 and 3.54 eV. This redshift can be explained by taking
into account energy transitions another then band-to-band transitions. In particular, acetate
ions incorporated during the anodizing process can lead to the generation of localized
electronic states inside the band gap of the anodic oxides, that are responsible for the second
detected optical absorption threshold value. Flat band potential value estimates assessed a
higher insulating nature of the anodic oxides grown in acetate-containing electrolytes with
respect to those grown in the NaOH solution, i.e., non-incorporating anodizing bath.

Electrochemical Impedance Spectra showed a two-time constant behavior that con-
firmed the presence of a layered structure due to the incorporation of foreign species,
namely acetate ions, from the electrolyte during the anodizing process. Differential capac-
itance measurements assessed the highest capacitance value for the anodic oxide grown
on Ta-66at%Nb alloy, i.e., 1.7 uF cm 2, the capacitance value that is higher than those
measured for pure Ta and Nb oxide, 0.4 uF cm~2 and 0.5 uF cm ™2, respectively, and higher
than that measured for the same oxide grown in a NaOH solution. These conclusions
suggest that anodizing in acetate-containing electrolytes can be a valuable strategy to
fabricate high-performance dielectric materials for electrolytic capacitors.
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