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A B S T R A C T   

The Ta-52 at.%Nb thin alloy films were magnetron sputter-deposited over a low-aspect-ratio nanoporous anodic- 
alumina template formed in 0.05 M tartaric acid solution at 250 V and modified by the pore-widening technique 
to enlarge the pores up to ~500 nm. The alloy coated the pores evenly, thus forming a 3D continuous conducting 
nanofilm on the template. Partially anodizing the templated alloy in a borate buffer solution of pH 7.5 generated 
a compact amorphous mixed-oxide anodic film thickening proportionally to the applied voltage. It was revealed 
that the oxide on the Ta-52 at.%Nb alloy grows with a slower migration of Ta5+ ions relative to Nb5+ ions, 
resulting in mixing Ta2O5 and Nb2O5 in the film depth and forming a few-nm-thick Nb2O5 outmost layer. The 
unique migration of Ta4+, Ta3+, Nb4+, and Nb3+ ions is assumed accountable for forming corresponding sub
oxides in the 3D anodic film in contrast to a flat Ta-52 at.%Nb alloy film used as a reference. The 3D anodic films 
behave as an n-type semiconductor with a low donor density Nd = ~2 × 1018 cm− 3, appropriate for dielectric 
applications. An unusual two-layered structure with a sharp electrical interface revealed in the 3D oxide films 
anodized to 30–130 V, comprising a low-resistivity layer superimposed on the high-resistivity layer, is explained 
by an immobile negative space charge in the outer film part. The air-annealing at moderate temperatures releases 
the space charge and transforms the two layers into a high-resistivity single layer having substantially improved 
dielectric properties and thermostable (up to 250 ◦C) capacitance of 1.2 μF cm− 2 achieved for the film anodized 
to practical 50 V. The 3D films having up to 4.5 times enlarged effective surface area can be utilized as novel 
metal/oxide nanostructured electrodes for electrolytic microcapacitors suitable for classical electronic circuits 
and energy-storage applications.   

1. Introduction 

Among the various engineered nanostructured materials, 3D nano
structures have become most appropriate for constructing high- 
performance nano- and microdevices [1]. They seem indispensable for 
designing electrodes for electrochemical energy conversion and storage 
devices, including various types of capacitors, which ideally should 
combine high energy storage and power density. An effective strategy to 

improve the energy storage density of supercapacitors, electrostatic 
capacitors, and electrolytic capacitors is enlarging the surface area of 
active materials in contact with electrolyte or solid conducting elec
trodes by engineering the materials as 3D nanostructures. These are 
commonly understood as assemblies of 1D nanomaterials (nanowires, 
nanotubes, or nanorods), combinations of 2D nanomaterials (nanosheets 
or nanoflakes), nanotubular structures, and hierarchically constructed 
nanomaterials [1]. However, arrays of high-aspect-ratio 1D 
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nanostructures tend to agglomerate or cluster because of mechanical 
weakness and surface interaction forces. The agglomeration lowers the 
effective specific surface area and increases the ionic transport resis
tance of the electrode, which worsens the performance of super
capacitors. 3D nanoporous or nanotubular materials [1] have proved to 
be the solution after their appropriate functionalization, such as anod
ically formed nanotubular TiO2 [2]. Since first reports dated back to the 
1990s [3], nanoporous membranes or films made of chemically inert, 
physically stable, and electrically non-conductive (dielectric) materials, 
such as porous anodic alumina (PAA), have emerged as nanostructured 
templates for hosting and shaping various functional materials [4]. 
Since early work by Moskovits et al. [5], PAA membranes, sheets, or 
layers on substrates have been synthesized and tested as self-organized 
nanoporous matrixes for accommodating multilayered deposits as ele
ments of 3D electrostatic (non-polarized) capacitors first made by 
chemical vapor deposition (CVD) [5], which was later replaced by more 
capable atomic layer deposition (ALD) [6–8]. 

Such a 3D electrostatic capacitor combining a PAA template with the 
ALD-made ultrathin multilayers inside the pores typically comprised a 
top conductor electrode, a dielectric layer, and a bottom conductor 
electrode [5]. In one of the later designs, a thin layer of aluminum-doped 
zinc oxide (AZO), 3 nm thick, was utilized as both the top and bottom 
electrodes, while a SiO2/TiO2/SiO2 trilayer, 9 nm thick, was the 
capacitor dielectric [9]. In several other works, AZO/Al2O3/AZO 
[10,11], TiN/Al2O3/TiN [12], or TiN/HfO2/TiN [13] nanolaminates 
made by ALD inside the PAA nanopores complemented the variety of 3D 
capacitor designs. Although some of such capacitors have reportedly 
achieved equivalent planar capacitance of up to ~100 μF cm− 2 with a 
10-micron thick template and significantly enlarged energy storage 
density [12], their consideration for practical applications has been 
limited to energy-storage electrostatic capacitors because of the low 
operational and breakdown voltage, high leakage currents, and very low 
working frequencies (tens of Hertz). Moreover, the AZO layer did not 
serve well as the conducting electrode because of the abstracted electron 
transfer between the AZO and the contact pads, its semiconducting na
ture, and few-nanometer limited thickness resulting in insufficient, 
dispersed, and temperature-dependent conductivity along the pore 
length and across the PAA surface [9]. Whatever the capacitor design 
was, the frequent shorting of the electrodes and poor manufacturing 
yield further limited the application potential of the PAA-ALD technol
ogy for electrostatic capacitors. 

What has remained beyond the capability of the PAA-ALD technol
ogy is an electrolytic (polarized) capacitor, whose anode is made of a 
metal that can be anodized to form an insulating oxide layer that acts as 
the capacitor dielectric. A solid, liquid, or gel electrolyte covers the 
surface of this oxide layer and serves as the capacitor cathode. Electro
lytic capacitors are particularly suitable in electronic circuits for passing 
or bypassing signals, noise filtering, or decoupling. Besides, because of 
their potential for a large specific volumetric capacitance, electrolytic 
capacitors can store large amounts of energy, substantially over
performing electrostatic capacitors in energy-storage applications and 
supercapacitors in dealing with current fluctuations. 

In pursuit of energy storage devices and systems smaller and lighter, 
the development of 3D nanostructured electrolytic capacitors may 
contribute substantially to the future high-yield production of large- 
value electrolytic microcapacitors suitable for on-chip integration 
[14]. It should be noted that the challenge cannot be met with the ALD 
approach because it is not appropriate for depositing metal layers and 
any layers thicker than a few nanometers. 

In the present work, we have developed an alternative, ALD- 
unemploying, facile, and highly reproducible technology for 3D nano
structured electrodes for electrolytic microcapacitors that combines the 
formation of relatively large-nanopore PAA templates with the DC 
magnetron sputter-deposition of metal or metal-alloy layers and subse
quent partial anodizing of the deposit for forming continuous anodic- 
oxide layers of various thicknesses to serve as the capacitor dielectric. 

To this end, we adopted a set of technological, electrical, and electrolytic 
conditions for forming a low-aspect-ratio PAA template in which the 
pore population density, pore size, and pore depth were balanced to 
achieve a substantial rise in the open film surface. Recently, niobium 
capacitors were developed and became an alternative and competing 
technology for tantalum electrolytic capacitors [15]. In the present 
work, we mixed tantalum with niobium to create a solid solution with 
approximately equal concentrations of the components, striving to 
improve the properties of individual metal oxides toward better-quality 
dielectrics based on previous reports justifying the advantages of such 
mixing [16–19]. For the first time, the Ta-Nb alloy was magnetron- 
sputter deposited over the PAA template in such a way that it con
formally coated the pores, leaving the pore necks unblocked by the 
deposit and allowing anodizing voltages up to 130 V. The PAA- 
templated, anodized, and annealed alloy layers were examined by 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy 
(XPS), X-ray diffraction (XRD), electrochemical impedance spectroscopy 
(EIS), and Mott-Schottky analysis to gain an insight into the formation- 
structure-property relationship of these unique 3D nanostructures and 
assess their applicability as the electrodes for electrolytic 
microcapacitors. 

2. Experimental part 

2.1. PAA fabrication 

Specimens of aluminum foil (99.99 %, as rolled, Goodfellow), 200 
μm thick, cut to 20 mm × 30 mm, were employed as the starting ma
terial. To remove surface defects and the traces of the rolling mill and to 
have a reproducible starting surface, the specimens were degreased in 
acetone and electropolished individually at 200 mA cm− 2 in a mixture of 
perchloric and acetic acids, rinsed in running distilled water, and dried 
in a warm air stream. The specimens were anodized in 0.05 M tartaric 
acid electrolyte at 23 ◦C. This electrolyte was selected due to the high 
anodizing voltages that can be attained at the steady-state stage of PAA 
growth (~250 V) associated with a sizeable interpore distance (>600 
nm) and wide pore diameters (~60 nm), which may be further expanded 
by post-anodizing chemical etching [20,21]. In the course of this study, 
citric-acid solutions of various concentrations, enabling the anodizing 
voltages as high as 350–420 V [22–24], were also tried for PAA fabri
cation directly on an Al foil and on an Al thin film magnetron-sputtered 
on a Si wafer. The comparative results and discussion justifying the 
choice of specific anodizing conditions for generating the PAA layers 
with the most appropriate geometry are available in the ESI file 
(Figs. S3–S6 and relevant text). Anodizing the electropolished Al foil was 
carried out in two consequential steps to grow a small-aspect-ratio 
(~1.5) PAA layer with improved pore regularity, enlarged pore out
lets, and increased effective surface area at the electrolyte/film inter
face. In the first step, outlined in Fig. 1a, the specimen was polarized in 
0.05 M tartaric acid solution at a constant current density of 6 mA cm− 2 

for 20 min, during which the voltage attained a steady-state value of 
250 V. Then, the PAA layer was selectively dissolved away (Fig. 1b) 
[25], and the specimen was anodized again in the same electrolyte 
(Fig. 1c) by sweeping the voltage at a rate of 2 V s− 1 to 250 V, then 
holding the voltage for 5 min. The pores in the as-anodized PAA tem
plate were expanded by chemical etching in a stirred aqueous solution of 
0.6 M H3PO4 and 0.15 M CrO3 [26] kept at 65 ◦C for 20 min to achieve 
the mean pore diameter of about 500 nm, as sketched in Fig. 1d. 

2.2. Ta-Nb alloy coating 

The Ta-Nb alloy coatings on the PAA template and thermally 
oxidized Si wafers were prepared by DC magnetron sputtering in a 
Vacuum Products SP-2C system. For forming a Ta-Nb alloy layer con
taining approximately 50 at.% niobium, a disk of 99.9 % pure niobium 
of 100 mm in diameter was used as the target, on which four disks of 
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pure 99.9 % tantalum of 20 mm in diameter were placed symmetrically 
to cover about 50 % of the erosion region. All alloy films were deposited 
at the same time. The sputtering chamber was evacuated to ~5 × 10− 5 

Pa, and then sputtering was conducted in 99.999 % argon (~0.3 Pa) at 
0.5 A for 600 s to obtain an alloy film of 200 nm thickness when 
measured on a flat substrate. During the deposition, the specimen 
holders were rotated around a central axis of the chamber and their axis 
to generate alloy films of uniform thickness and composition. The 
deposition angle for the PAA template and Si wafers was 0◦ relative to 
the substrate normal. Fig. 1e, g depicts what was expected to result from 
the efforts. 

2.3. Ta-Nb alloy anodizing 

The Ta-Nb alloy coating on the PAA substrate (hereafter the ‘3D’ 
film) and the Ta-Nb alloy coating on an oxidized Si wafer (hereafter the 
‘flat’ film) were further anodized to various voltages, Ua, from 5 up to 
180 V, to grow nanostructured 3D and thin-film flat anodic oxides of 
increasing thicknesses (Fig. 1f, h). First, the specimen surface was 
patterned with PMMA to leave openings of 10 mm × 6 mm to be soaked 
with the anodizing solution. A droplet of the electrolyte was put in a 
selected opening using a pipet, and a spade-like Au counter electrode 
contacted the droplet top. The droplet was held between the anode (the 
specimen) and the counter electrode by surface tension. A schematic 
view and digital photos of the anodizing setup are shown in ESI, Fig. S1. 
Compact anodizing of the alloy was carried out in borate buffer solution 
(0.5 M H3BO3 and 0.05 M Na7B4O7, pH 7.5) at 22 ◦C at a constant 

current density of 1 mA cm− 2 until the voltage attained a set value, 
followed by holding the voltage for 10 min until the current decayed to 
its leakage value. The conditions for alloy anodizing were selected based 
on previous experience with growing dielectric anodic films on valve 
metals [27,28]. Thermal treatment of selected specimens was performed 
in an ambient atmosphere at temperatures ranging from 100 to 300 ◦C 
for 60 min. 

2.4. Chemical and structural analyses 

SEM. The surfaces and cross sections of the 3D and flat alloys and 
corresponding anodic films were examined in a MIRA II (TESCAN) 
scanning electron microscope operated at 30 kV. The microscope had an 
InBeam detector for secondary electrons; therefore, no charge-reducing 
conducting layers were deposited before the observation. XPS. The 
chemical composition of the 3D and flat alloys and anodic films was 
analyzed by XPS in a Kratos Axis Ultra DLD and Kratos Axis Supra 
spectrometers employing a monochromatic Al Kα source. Typical 
operating pressures were <1.3 × 10− 9 mbar. The emitted electrons were 
detected by a hemispherical analyzer at fixed pass energies of 160 and 
20 eV for the survey and high-resolution spectra, respectively. The 
Kratos charge neutralizer system was used for all specimens. Sputter- 
cleaning was performed using an argon-ion beam of 3 kV provided by 
a standard ion gun with a filament emission current of 2.5 μA scanned 
over a surface window of 2 mm × 2 mm for 230 s, resulting in slight 
surface etching. The sputtering-beam incidence angle was 45◦ relative to 
the substrate. CasaXPS software version 2.3.24PR1.0 was used for 
spectra analysis. GL (30) profiles, defined in CasaXPS, were used for all 
components besides the metallic core lines of Nb 3d and Ta 4f, for which 
asymmetric profiles in the form of LA (1.2, 3.3, 12) and LA (1.1, 4, 25) 
were used, respectively. A standard Shirley background was used in all 
fitted spectra. Spectra from all samples were charge corrected to give the 
adventitious C 1s spectral component (C–C, C–H) binding energy of 
284.8 eV. The deconvolution of C 1s spectra was performed as described 
in previous works [29–32] and is shown in ESI. The quantitative analysis 
was performed for the narrow spectra using the relative sensitivity 
factors from CasaXPS (referenced to F 1s) suitable for Kratos Axis Ultra. 
XRD. Diffraction patterns of the 3D and flat alloys and anodic films were 
taken from a Bruker-AXS D8-Discover diffractometer operated at 40 kV 
and 40 mA to generate CuKα radiation. An X-ray collimator of a 500 μm 
system allowed the analysis of a mean area represented by an ellipsoid 
with a constant short axis of 500 μm and a variable long axis of 
600–1500 μm. The VÅNTEC-500 detector (silicon strip technology, 
active area of 30 cm × 30 cm, frame size of 2048 pixels × 2048 pixels) 
was placed at a 15-cm distance from the sample. Sixteen frames were 
collected in reflection mode covering 20–90◦ 2θ with a step size of 0.8◦

to obtain a conventional 2D diffractogram suitable for Rietveld analysis 
[33]. The exposure time was 300 s per frame, and it was γ-integrated to 
generate the 2θ vs. intensity diffractogram. The experimental dif
fractograms were fitted with the crystal structure [34] for the phases 
identified using TOPAS 6.0 software (Bruker AXS GmbH, 2017) [35]. 

2.5. Electrochemical analysis 

All EIS measurements were carried out using an Autolab PGSTAT204 
Potentiostat/Galvanostat with a FRA32M module (Metrohm) in the 
borate buffer at 22 ◦C with the same two-electrode setup utilized for the 
anodizing (Fig. S1). The working electrode was the remaining (non- 
anodized) alloy layer beneath the anodic films. The EIS characterization 
of the 3D and flat anodic films was performed by applying a sinusoidal 
perturbation of 100 mV in a frequency range of 1.0 MHz to 0.01 Hz. All 
EIS measurements were conducted at 0.0 V except those performed 
under various bias potentials, Ub. Mott-Schottky experiments were 
performed for selected anodic films by measuring EIS in a narrower 
frequency range (1.0 MHz–0.1 Hz) at potentials from +5.0 to − 1.0 or 
− 3.0 V in 1.0-V steps. The experimental EIS data were analyzed using 

Fig. 1. Schematics of the main steps for forming 3D and flat Ta-Nb mixed 
anodic oxides on a PAA template and a SiO2/Si wafer, respectively: (a) the 
formation of porous anodic alumina (PAA) layer on a polished Al foil, (b) the 
selective dissolution of the PAA layer to pattern the foil surface, (c) the second 
anodizing of the patterned Al foil, (d) the pore widening, (e) the magnetron 
sputter-deposition of a Ta-Nb alloy on the PAA template, (f) the anodizing of 
the templated Ta-Nb alloy to 50 V (as an example). Panels (g) and (h) depict the 
sputter-deposition and anodizing to 50 V of a flat layer of Ta-Nb alloy. 
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computer simulation and fitting software Autolab NOVA and Gamry 
Echem Analyst. The entire frequency range was used for fitting with an 
equivalent electrical circuit(s) containing a constant phase element 
(CPE) in parallel with a resistor, from which the capacitances were 
extracted C = Y0

1/n⋅Rp
(1− n)/n [36]. Unless stated otherwise, all area- 

related physical quantities will be related to the apparent surface area 
exposed to anodizing or EIS measurements [37]. 

3. Results 

3.1. Anodizing behavior of the Ta-Nb coatings 

As a practical example, the comparative current-time and voltage- 
time behaviors for anodizing the 3D and flat alloy films up to Ua =

50 V (hereafter, the ‘50-V anodic films’) are shown in Fig. 2. The voltage 
transients at the commencement of anodizing (up to 12 V) are shown in 
Fig. S2. It should be noted that the two samples had the same (patterned 
with PMMA) apparent surface area (0.6 cm2), as described in Section 
2.3, and the same current (0.6 mA) was applied for the galvanostatic 
polarization of each sample, which enables direct comparative analysis 
of the voltage transients during the constant-current anodizing. The 
systematic voltage rise under the constant-current polarization from 3 to 
50 V is characteristic of anodic films thickening proportionally to the 
applied voltage with a nearly 100 % current efficiency under the high 
field. The initial voltage surge, more pronounced for the 3D alloy, arises 
from an air-formed film on top of the alloys. Apparently, such a layer is 
relatively thicker in the 3D alloy, manifested by a voltage jump up to 3 
V, before the steady growth begins, though at a substantially reduced 
rate compared with the flat alloy anodizing. Assuming comparable 
formation efficiencies for the two films, the difference in the slopes of 
the curves after the initial voltage surges can be explained by dissimilar 
surface areas in contact with the electrolyte (hereafter, the ‘effective’ 
area) [38]. Moreover, the voltage rises substantially slower and at a 
progressively increasing rate in the range of 3 to 5 V during the anod
izing of the 3D alloy (Fig. S2). The voltage rate becomes relatively stable 
only beyond ~10 V and barely changes up to the set limit. The features 
related to the enlarged effective surface area in the 3D alloy will be 
thoroughly considered later in the text. 

3.2. Ta-Nb alloy/oxide film morphology 

SEM images in Fig. 3 show the surfaces and corresponding cross 
sections of the PAA-templated Ta-Nb alloy as-deposited and partially 
anodized, pointing out the main steps of the fabrication process (out
lined in Fig. 1) such as the preparation of PAA substrate with widened 

pores followed by the sputter-deposition of Ta-Nb alloy and its anod
izing to a practical voltage of 50 V. Table 1 reviews the major geomet
rical parameters of the PAA template before and after the pore-widening 
procedure and following the deposition of the Ta-Nb alloy and its 
anodizing to 50 V. The whole collection of images recorded after each 
formation step outlined in Fig. 1 is available in the ESI file (Fig. S3). 

The PAA cell walls that remain after the pore widening (Fig. 3, left 
column) seem to be the thinnest to expect mechanical stability of the 
template. The pore outlets are nearly round, while the PAA cell walls 
protrude outward, especially at the triple interconnection points at the 
cell boundaries. The widened pores have an aspect ratio (depth-to- 
diameter ratio) of ~1.5. The pore walls and bottoms are smooth and 
featureless at the SEM resolution. The pores, cell walls, surface concaves, 
funnel-like pore outlets, and the multi-concaved morphology of the film 
top all together increase the outer film surface. Based on the SEM 
observation, the template’s effective surface is about 4 times the 
apparent specimen surface. 

One may see that the deposit inside the pores (Fig. 3, middle column) 
has a nanosized grain structure, which expands toward the pore outlets. 
The thickness of the thinnest parts of the deposit inside the pores mea
sures ~60 nm. The areas of the deposit covering the pillar-like surface of 
the PAA substrate have a significantly more pronounced grain structure, 
transforming into stacks of rectangle nanosheets measuring between 
~50 and ~20 nm. The overall thickness of the alloy beyond the pores 
reaches ~200 nm in its thickest parts. The thickness of the 50-V anodic 
oxide measures ~100 nm, while the remaining (non-anodized) alloy 
layer measures ~15 nm in its thinnest parts (the pore walls and bottoms, 
Fig. 3, right column). Therefore, the remaining alloy layer covers the 
entire template interior and should perform as a fully functional con
ducting bottom electrode. The 50-V formed anodic oxide has an entirely 
smooth surface and uniform thickness across the template, swelling due 
to the oxide volume growth, losing the initial roughness of the deposited 
alloy, and not revealing any ‘visible’ compositional gradient across the 
film section. 

3.3. Chemical composition of Ta-Nb alloy/oxide films 

The specimens analyzed were the (1) flat as-deposited Ta-Nb alloy, 
(2) flat Ta-Nb alloy anodized to 50 V, and (3) 3D Ta-Nb alloy anodized to 
50 V (Fig. 4). Mostly, XP spectra were recorded on the as-prepared 
surfaces. The as-deposited alloy was also examined after a short 
sputter-cleaning cycle to remove carbon contamination and air-formed 
oxides. C, O, Nb, Ta, and Si were identified in the survey spectra of all 
samples (Si was not present after the sputter-cleaning cycle). Narrow- 
scan C 1s, O 1s, Nb 3d, and Ta 4f spectra were collected to analyze 
their core levels and bonding states. The experimental and fitted Nb 3d 
and Ta 4f spectra for the as-prepared surfaces are shown in Fig. 4. The C 
1s, O 1s, and extended-range Ta 4f (15–40 eV) spectra are shown in 
Fig. S8. The spectra of the Ar-ion-sputtered initial alloy layer are pre
sented in Fig. S7. A detailed description of spectra deconvolution is 
available in the ESI (including considerations of O 2s contributions in 
the Ta 4f spectra, Ta 4f loss peaks and Nb 4p transitions in the extended- 
range Ta 4f spectra, and deconvolution of O 1s spectra considering the 
adventitious carbon contribution, to obtain more precise O:(Ta + Nb) 
ratios). 

The deconvolution of the Nb 3d and Ta 4f spectra of the flat alloy film 
(Fig. 4a, b) reveals the presence of a thin native oxide layer (Nb5+, Nb4+, 
Ta5+, and Ta4+ species) covering the metallic alloy (Nb0 and Ta0 spe
cies). The areas in the Nb 3d and Ta 4f regions (after subtracting the O 2s 
peak) were used to calculate the amount of Nb in the alloy, resulting in 
52 at.% Nb (provided that at.%(Ta + Nb) = 100 %) for the as-received 
alloy surface. 

The surface layer of the flat anodic film (Fig. 4c, d) is composed of a 
stoichiometric Nb2O5 (only Nb5+ species are found in the Nb 3d spec
trum) and a critically low amount of Ta2O5 (~0.3 at.% Ta, provided that 
at.%(Ta + Nb) = 100 %), whereas the possible presence of lower- 

Fig. 2. The current density, Ja, and voltage, Ua, transients during anodizing the 
Ta-Nb alloy layers magnetron sputter-deposited over the PAA template formed 
at 250 V and SiO2/Si wafer (as depicted in Fig. 1e, g). Anodizing was carried out 
in a combined mode, beginning with a constant-current polarization and 
continuing with a constant-voltage polarization after the voltage attained 50 V. 
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valency Ta cations cannot be estimated from the Ta 4f spectrum. This 
indicates that the surface layer of the flat anodic film is composed of a 
pure stoichiometric Nb2O5 formed above a mixed Ta-Nb anodic-oxide 
layer. This finding agrees with the literature [39] describing the for
mation of a thin pure Nb2O5 outer layer on a thick anodic layer of mixed 

composition, grown on Ta-Nb alloys, originating from the faster out
ward migration of Nb5+ ions relative to Ta5+ ions [39]. For the Ta-52 at. 
%Nb alloy prepared in our study, the thickness of the pure Nb2O5 outer 
layer should take ~3 % of the total film thickness [39], which is ~3 nm 
for a 100 nm thick 50-V anodic film. This value is close to the depth 

Fig. 3. SEM surface and cross-sectional views of (left column) the PAA template after the pore widening, (central column) the Ta-Nb alloy sputter-deposited over the 
pore-widened PAA template, and (right column) the PAA-templated Ta-Nb alloy anodized to 50 V (as depicted in Fig. 1). 

Table 1 
Mean geometrical parameters of the PAA template before and after the pore widening and Ta-Nb alloy deposition (measured in SEM images).  

PAA template as-anodized PAA template after pore widening Ta-Nb alloy coating Ta-Nb oxide (anodized to 50 V) 

Formation 
voltage, V 

Pore 
diameter, nm 

Pore density, 
cm− 2 

Pore 
diameter, nm 

Pore 
depth, nm 

Pore 
separation, nm 

Thickness in 
pores, nm 

Pore 
diameter, nm 

Film 
thickness, nm 

Pore 
diameter, nm 

250 80 ± 10 2.5 × 108 500 ± 15 750 ± 35 100 ± 15 60 ± 5 380 ± 40 100 ± 9.5 180 ± 30  
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sensitivity of XPS [40]; therefore, most of the photoelectrons are emitted 
from the thin pure Nb2O5 outer layer, while a few of them from the 
underlying mixed Nb2O5–Ta2O5 oxide, resulting in the small tantalum 
content observed at the film surface. 

The 3D anodic film reveals more complex Nb 3d and Ta 4f spectra 
(Fig. 4e, f), which are deconvoluted with three relatively intense dou
blets, attributed to Nbn+ and Tan+ cations with n = 5, 4, and 3. The Ta 4f 
spectrum also contains two smaller and broad O 2s peaks, whereas the 
low-BE O 2s peak may correlate with the unusually low-BE O 1s peaks in 
the corresponding O 1s spectrum (see ESI). The amount of the lower- 
valency cations is ~50–60 % from each element, underlying the high 
involvement of Nb and Ta suboxides in the surface layer of the 3D anodic 
film. The calculated amount of Ta is 21 at.% (provided that at.%(Ta +
Nb) = 100 % after subtracting the O 2s components), which is higher 
than for the flat anodic film (0.3 at.% Ta) but still smaller than in the 
alloy (48 at.% Ta). It may be that cation migration in the anodic film on 
the PAA-supported Ta-Nb alloy differs from that in the flat anodic film, 
resulting in an intermediate Ta content. The average surface composi
tion of the 3D anodic film is thus a highly substoichiometric niobium 
oxide (79 at.%) mixed with a highly substoichiometric tantalum oxide 
(21 at.%). 

In summary, the XPS-determined Ta content in the anodic films is 

substantially lower than in the alloy (48 at.%), which is explained by a 
faster migration rate of Nb5+ cations relative to Ta5+ cations, resulting in 
the formation of a few-nm-thick relatively pure niobium-oxide outer
most layer. Such a layer is thinner in the 3D anodic film since the Ta 
concentration at its surface (21 at.%) substantially exceeds that at the 
flat-film surface (0.3 at.%). Further, the 3D film substantially comprises 
tantalum and niobium suboxides (~50 % of all cations), whereas its flat 
counterpart contains only fully stoichiometric pentoxides. The unusu
ally low-BE O 1s and O 2s peaks in the spectra of the 3D anodic film 
imply the presence of compositional extra features (assumingly 
extended amounts of electrolyte-derived anions), which may impact the 
films’ electrical properties described in Section 3.5. 

3.4. Crystal structure of Ta-Nb alloy/oxide 

As a practical example, Fig. 5a, b shows the 2D and conventional 
diffractograms in the 20–90◦ 2θ angle range for the 3D Ta-52 at.%Nb 
alloy film before and after anodizing to 50 V. The crystal structures for 
all phases were identified using the ICSD database (FIZ, 2015); the main 
refined parameters and fitted X-ray diffractograms are available in the 
ESI. 

The diffractograms in Fig. 5a and b are best interpreted with the 

Fig. 4. Experimental and curve-fitted narrow-scan (left column) Nb 3d and (right column) Ta 4f XP spectra of the (a, b) flat Ta-Nb alloy film, (c, d) flat Ta-Nb alloy 
film anodized to 50 V, and (e, f) 3D alloy film anodized to 50 V. 
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presence of metallic Ta (Nb) phase (Im3m space group) and Al (Fm3m) 
phase. The Al peak is obviously due to the aluminum foil used as the 
substrate. The foil has large, over 100 μm, monocrystalline grains, which 
diffract as spots instead of rings. As the diffractometer setup allows 
analyzing a small area, ~500 μm in diameter, a few Al crystallites 
diffract in contrast with a large number of the significantly smaller in 
size metallic Ta (Nb) nanocrystallites. Consequently, the intensities of Al 
peaks are not reproducible across the sample surface and vary widely 
depending on what grains interact with the microfocused X-ray beam. 
This consideration makes it impossible to estimate the wt% of the phases 
present using the Rietveld method. The presence of Ta (Nb) deduced 
from several peaks produced by the pointed-out reflections is due to the 
tantalum‑niobium alloy layer deposited on the PAA template and 
partially remaining after the 50-V anodizing, as shown in SEM images of 
Fig. 3. Since the two components in the alloy are present in comparable 
concentrations and make a solid solution, it is impossible to differentiate 
between the Ta and Nb reflections because the two metals have the same 
crystal structure and nearly equal cell parameters (aNb: 3.3066 Å, aTa: 
3.3058 Å, from ICDD cards 35–789 and 4–788). The mean size of the Ta- 
Nb crystallites before and after the anodizing is identical, 13.0 nm, 
calculated from (110) integral breadth. This consideration implies that 
the crystallinity of the remaining alloy layer is not affected by anodizing. 

The 3D alloy reveals no long-range orientational order at the XRD 
resolution used. Fig. 5d compares the intensities of the (110) peaks for 
the as-deposited and 50-V anodized 3D alloy films. By calculating and 
comparing the refined scale factor (Rietveld parameter related to the 
diffracting mass) based on the (110) peaks for the two samples, it is 
estimated that 65 % of the initial alloy mass remains unoxidized after 
the 50-V anodizing. Considering the thickness of the sputter-deposited 
alloy layer, it is assessed that the 50-V anodizing does not entirely 
consume the alloy even in its thinnest parts on the pore walls and pore 
bottoms, as seen in the fragments of the cross-sectional SEM views in 
Fig. 3. Another important revelation from the XRD analysis is that both 
the 3D and flat anodic films (Fig. 5b, c) grow entirely amorphously since 
no crystalline peaks are detected. The field crystallization of anodic 
oxides is detrimental to capacitor applications due to the degradation of 
the electric properties associated with increasing leakage current and 
worsening dissipation factor [16,19]. As revealed in the previous work 
[19], the susceptibility of the Ta-Nb alloy to field crystallization in
creases with increasing niobium content in the alloy, being also affected 
by the initial film morphology, applied voltage, anodizing regime, for
mation electrolyte, temperature, and other factors. Our results show that 
the anodizing to 50–130 V of the PAA-templated Ta-52 at.%Nb alloy 
generates entirely amorphous mixed-oxide films. These findings, com
plemented by the anodizing behavior and SEM examination results, 
confirm the high quality of the 3D nanostructured alloy and anodic films 
and underline their potential for capacitor application. 

The diffractograms of the flat Ta-52 at.%Nb alloy shown in Fig. 5c 
reveal the same composition and crystal structure of the deposit and 
amorphous structure of the anodic film. The difference, however, is that, 
on a flat substrate, the Ta-52 at.%Nb crystallites grow substantially 
larger (~26 nm) and noticeably more oriented in [110] direction 
(perpendicular to the substrate) compared with the PAA-templated 
nanostructured coating. The later text will discuss the dissimilarities 
of anodic-film growth on the two types of Ta-52 at.%Nb coatings. 

3.5. Electrical/dielectric properties of anodic films 

The following flat and 3D anodic films were examined by EIS: (a) the 
as-anodized 50-V films (Fig. 6), (2) the 50-V films annealed at temper
atures 100–300 ◦C (Fig. 7), (3) anodic films formed at anodizing voltages 
ranging 5 to 130 V before and after air-annealing at 200 ◦C (Fig. 9). 
Moreover, bias-dependent measurements were performed for the 50-V 
as-anodized and annealed anodic films (Fig. 8). 

Fig. 5. 2D and conventional XRD diffractograms of the (a) as-deposited 3D Ta- 
52 at.%Nb alloy, (b) 3D Ta-52 at.%Nb alloy anodized to 50 V, (c) flat Ta-52 at. 
%Nb alloy anodized to 50 V. Panel (d) compares the intensities of (110) peaks 
in the as-deposited and 50-V anodized 3D Ta-52 at.%Nb alloy specimens as 
depicted in the sketches. 

A. Mozalev et al.                                                                                                                                                                                                                                



Surface & Coatings Technology 489 (2024) 131042

8

3.5.1. Initial comparison 
Fig. 6a shows the Bode plots for the flat and 3D anodic films on the 

Ta-52 at.%Nb alloys anodized to 50 V. A linear decrease in the modulus 
of impedance, Z, with increasing frequency, f, at a slope of − 1, while the 
phase shift, ø, approaches − 90◦, in a broad frequency domain of 
0.01–1000 Hz is noted for the flat film. The behavior can be fitted with a 
simple equivalent circuit containing a constant phase element (CPE), a 
parallel electrical resistance of the anodic film, Rp, and the electrical 
resistance of the electrolyte, Rs, in series with CPE and Rp (Fig. 6b). The 
extracted from the CPE parameters capacitance C = 0.332 μF cm− 2. 

In contrast, the 3D nanofilm anodized to the same 50 V is charac
terized by two time-constant distributions manifested by two well- 
distinguished features in the − ø vs f plot. This Bode plot is fitted with 
two CPEs in series, each in parallel with a resistance (Fig. 6c). Such a 
circuit implies that the anodic film comprises two capacitive layers with 
substantially different Rp, further referred to as the ‘low-Rp’ and ‘high- 
Rp’ layers, associated with the high- and low-frequency domains, as 
pointed out in Fig. 6a. For the 50-V 3D anodic film, the values for C 
extracted from the CPE parameters for the high-Rp and low-Rp layers are 
2.23 and 3.40 μF⋅cm− 2, respectively (Fig. 6a). Under the assumption of a 
uniform dielectric constant ε = 33 and a ratio of the effective and 
apparent surface areas Ae:Aa = 3.4 (both parameters will be justified 
later in the text) and based on the EIS measurements, we calculated the 
thickness, d, of the high-Rp layer (~45 nm) and the low-Rp layer (~29 
nm) – in total ~74 nm. For the 50-V flat anodic film, the calculated value 
for d = ~88 nm. Thus, the low-Rp layer constitutes a considerable part of 
the anodic film. Further, the resistivities ρ = Rp,e/d are calculated for the 
high-Rp and low-Rp layers, where Rp,e stands for the value of Rp for the 
effective surface area from the fitted Bode plots in Fig. 6a obtained by 

multiplying Rp by the Ae:Aa ratio. For the 50-V 3D nanofilm, the value 
for ρ = 4 MΩ cm2 nm− 1 of the high-Rp layer is incomparably higher than 
ρ = 0.2 kΩ cm2 nm− 1 of the low-Rp layer. For the 50-V flat anodic film, 
the high value for ρ = 18 MΩ cm2 nm− 1 corresponds to the usual re
sistivities of anodic films on Ta and Nb, which behave as wide bandgap 
semiconductors or dielectrics [41]. Notably, the phase shift for the 50-V 
3D nanofilm is much lower than for the 50-V flat anodic film (Fig. 6a), 
indicating relatively worse dielectric properties of the 3D nanofilm. 

Such a double-layered behavior of the 50-V 3D nanofilm appeared to 
be unique to its flat counterpart examined here (Fig. 6a). The unusual 
behavior of the 3D nanofilm requires further investigation. In the 
following, we will show how the values for C and d depend upon the 
anodizing voltage and post-anodizing annealing. 

3.5.2. Impact of annealing 
Fig. 7a shows the Bode plots for the 50-V flat anodic film recorded 

after annealing in air at temperatures T = 100–300 ◦C. All the plots are 
well fitted with a simple equivalent electrical circuit containing a single 
CPE shown in Fig. 6b. Typically, the Z-value decreases with increasing T 
because of increasing C (Fig. 7c). The C-value increases from 0.33 μF 
cm− 2 to 0.86 μF cm− 2 after annealing at T = 300 ◦C. Assuming a uniform 
value for ε = 33, the value for d calculated from the EIS measurements 
(Fig. 7d) decreases from 90 to 34 nm. Notably, a similar rise in the 
capacitance due to decreasing the EIS-determined value for d after 
annealing was observed for anodic oxides formed at 50 V on thin Ta and 
Nb metallic layers. The reported effect of low-temperature air annealing 
on the properties of anodic niobium and tantalum oxides has been 
explained either by the formation of microcracks and other physical 
defects caused by the heating [42,43] or by oxygen diffusion into the 
films altering the film semiconducting properties and increasing leakage 
currents [44,45]. Since no physical defects were observed in the air- 
annealed anodic films prepared in the present study, we assume that 
changes in the film semiconducting properties account for the reduced 
EIS-measured film thickness and increased capacitance. 

Fig. 7b shows the Bode plots for the 50-V 3D nanofilms after 
annealing up to 250 ◦C. The two-time-constant behavior becomes less 
pronounced with increasing T, fully vanishing after T > 200 ◦C. With 
increasing T, the lower-frequency values for Z shift upward, whereas the 
higher-frequency values for Z scarcely change. An equivalent circuit 
with two CPEs (Fig. 6c) is used for fitting, resulting in two values for C 
corresponding to the high-Rp and low-Rp layers (Fig. 7c). The C-value of 
the high-Rp layer decreases from 2.23 to 1.13 μF cm− 2 while the C-value 
for the low-Rp layer increases from 3.4 up to 29.1 μF cm− 2. However, the 
sum of the two capacitances, proportional to the total film thickness 
determined by EIS, remains almost unchanged (~1.2 μF cm− 2). Again, 
under the assumption of ε = 33 and Ae:Aa ratio = 3.4, the high-Rp layer 
thickens from 45 to 88 nm at T = 250 ◦C while the low-Rp layer thins 
from 29 to 3 nm at T = 200 ◦C and becomes unidentified after annealing 
at T = 250 ◦C (Fig. 7d). The total value for d remains almost constant. 
After annealing at T > 200 ◦C, the film is composed of the high-Rp layer 
only. The evolution of the layered film structure with increasing 
annealing temperature is shown in the schematic cross sections in 
Fig. 7f. One may see that the electrical behavior of the 3D nanofilm 
contrasts considerably with the flat anodic film (Fig. 7a). 

The resistivities of the high-Rp and low-Rp layers for the 3D nano
films with increasing T are shown in Fig. 7e and compared with the flat 
anodic film. One may see that the high values for ρ of the high-Rp layer in 
the 3D nanofilm (~3 to ~20 MΩ cm2 nm− 1) are comparable to the re
sistivities of the flat film (5–30 MΩ cm2 nm− 1). The ρ-values for the low- 
Rp layer are matchlessly smaller in the entire temperature range (0.1–0.5 
kΩ cm2 nm− 1). The n-value extracted from the CPE characteristics for 
the high-Rp layers of the 50-V 3D nanofilm reveals a steady growth from 
0.94 to 0.98 with increasing T (inset in Fig. 7e). In contrast, the n-value 
for the 50-V flat anodic film steadily deteriorates from 0.99 to 0.97 in the 
same temperature range. This means that, with increasing annealing 
temperature, the dielectric properties of the flat film worsen, whereas 

Fig. 6. (a) Experimental (symbols) and fitted (solid lines) Bode plots for the flat 
and 3D Ta-52 at.%Nb alloy films anodized to 50 V measured at 0 V. The double- 
layered behavior is seen in the Bode plot of the 3D nanofilm. (b, c) Equivalent 
electrical circuits adopted for fitting the Bode plots of the (b) flat and (c) 3D 
anodic films on Ta-52 at.%Nb alloys, together with schematic drawings 
showing the layer arrangement. 
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the two-layered structure of the 3D nanofilm gradually transforms into a 
single high-Rp layer (at T > 200 ◦C), which then behaves almost like an 
ideal dielectric. 

In summary, the double-layered behavior of the 3D nanofilms flat
tens with air annealing, reaching a state where only the high-Rp layer is 
present. The total capacitance of the 3D nanofilm scarcely changes with 
annealing temperature, contrarily to the temperature-dependent flat 
anodic films. Furthermore, the high-Rp layer of the 3D nanofilm be
comes increasingly dielectric after annealing, the n-value exceeding 
those of the flat film. From the practical viewpoint, the 3D air-annealed 
anodic film overperforms its flat counterpart. Together with the up to 
4.5 times increased capacitance density, the electrical characteristics of 
the 3D nanofilms are advantageous for their potential application in 
electrolytic capacitors. 

3.5.3. Mott-Schottky analysis 
Oxides grown anodically on pure Nb are frequently n-type semi

conductors [42,43,45], whereas anodic oxides on pure Ta often behave 
more like dielectrics [39,45,46]. Several studies by Habazaki and co- 
workers performed on 50-V anodic films on Nb alloyed with N or Si 
have shown that already small amounts of the foreign elements may 
cause the transformation from semiconducting to dielectric behavior of 
the anodic films [42,43]. On the other hand, relatively thinner 3-V 
anodic films on Ta-Nb alloy layers having 5–95 at.% of Nb revealed 
semiconducting properties in the whole concentration range [18]. The 
diversity and sometimes contradiction of the reported experimental re
sults and the unusual behavior of the films prepared here motivated us to 
explore the nature of the mixed Ta-52 at.%Nb oxides in depth via Mott- 
Schottky measurements. The 50-V 3D nanofilms were chosen as a model 
system for such an analysis and compared with the 50-V flat anodic 

films. 
The measured and fitted Bode plots obtained for the flat anodic films 

are shown in Fig. 8a. A simple equivalent circuit comprising one CPE in 
parallel with Rp (shown in the inset of Fig. 8a) is used to fit the exper
imental plots. The value for C extracted from the CPE parameters, that is, 
a single value for capacitance for the whole frequency range, decreases 
from 0.342 μF cm− 2 at − 1.0 V to 0.283 μF cm− 2 at 5.0 V (not shown), 
resulting in a slight rise in 1/C2 with Ub (Mott-Schottky plot in Fig. 8d, 
grey symbols). The behavior is typical for n-type semiconductors with 
low donor concentrations, Nd. Thus, assuming ε = 33 and using the grey- 
line slope in Fig. 8d, the calculated value for Nd = 2.8 × 1018 cm− 3, 
which is comparable to Nd in a thick anodic oxide grown on pure Nb (1 
× 1018 cm− 3) [42,43], and it is 10-fold smaller than Nd determined for 
thin anodic oxides on Ta-Nb alloys reported in previous work [18]. 

In the following, we will describe the method to estimate the value 
for ε of the mixed-oxide anodic films prepared in this study. Assuming 
that the 50-V flat anodic film has a uniform dielectric constant and an 
even thickness of 100 nm (measured by SEM), the Mott-Schottky mea
surements revealed that C decays to a constant value of 0.289 ± 0.006 
μF⋅cm− 2 when Ub is raised above 2.0 V, above which the anodic film 
becomes fully depleted. From these data, the calculated value for ε = 33. 
This value fits precisely the average ε-value reported for pure Ta2O5 (27) 
[39,45] and pure Nb2O5 (~40) [39,42,43,45]. The Impact of the thin 
Nb2O5 anodic film at the film/electrolyte interface (disclosed by XPS) 
may be neglected because it is incomparably thin (a few nanometers) 
and superimposed (connected in series) with the Ta-Nb mixed-oxide 
layer of the dominating thickness (~100 nm). Considering the amor
phous nature of the flat and structured anodic films and neglecting the 
differences in their chemical compositions, the same value for ε is 
adopted for calculating d-values for the 3D nanofilms prepared in this 

Fig. 7. (a, b) Experimental (symbols) and fitted (solid lines) Bode plots of the flat and 3D Ta-52 at.%Nb alloy films anodized to 50 V measured at 0 V before and after 
annealing at various temperatures. (c, d) Temperature dependences of capacitances, C, and thicknesses, d, derived from the Bode plots for the flat and 3D anodic films 
as a function of annealing temperature, T. (e) Resistivity, ρ (Rp,e/d) vs. T for the high-Rp and low-Rp layers in the 3D anodic nanofilm. The inset in (e) shows the 
annealing-temperature dependence of n-values for the two film types. (f) Schematics showing the evolution of the high-Rp (blue) and low-Rp (green) layers in the 3D 
anodic films with air annealing. 
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study. 
Due to the well-pronounced two-layer behavior of the 3D nanofilm 

anodized to 50 V (Fig. 8b), which becomes less evident with increasing 
Ub, the data were fit using a two-CPE equivalent circuit (inset in Fig. 8b). 
The capacitance of the high-Rp layer decreases from 2.6 μF cm− 2 at − 1.0 
V to 1.1 μF cm− 2 at 5.0 V, whereas the capacitance of the low-Rp layer 
increases linearly from 2.5 μF cm− 2 at − 1.0 V to 7.0 μF cm− 2 at 5.0 V 
(not shown). Assuming that most of the bias potential drops on the high- 
Rp layer, the change in the high-Rp layer capacitance is due to the change 
in the depletion layer that forms within the high-Rp layer. Therefore, the 
value for Nd = 1.8 × 1018 cm− 3 calculated from the Mott-Schottky plot 
made for the high-Rp layer capacitance (Fig. 8d, blue circles, assuming ε 
= 33 and Ae:Aa = 3.4) ascribes the 3D nanofilm as a lightly-doped n-type 
semiconductor, similarly to the flat anodic oxide. 

Mott-Schottky measurements of the 50-V 3D nanofilm after anneal
ing at T = 200 ◦C (Fig. 8c) were performed and evaluated following the 
described above procedure. Contrarily to the previous two cases, here 
the high-Rp layer capacitance remains unchanged between − 3.0 and 0.0 
V (1.17 ± 0.02 μF cm− 2) and slightly decreases to 1.025 μF cm− 2 at 5.0 V 
only (not shown). This is reflected by the high-placed plateau at po
tentials below 0.0 V in Fig. 8d (blue triangles), which is probably caused 
by the small parallel resistance at cathodic potentials [37]. Therefore, 
the admittance, Y0, extracted from the CPE parameters was used to 
modify the Mott-Schottky plots (Fig. 8e), resulting in more apparent 
trends reinforcing the conclusion on the n-type semiconducting behavior 
[37]. Thus, Nd = 2.4 × 1018 cm− 3 is calculated from the 1/C2 vs. Ub plot, 
while Nd = 1.7 × 1018 cm− 3 is calculated from the 1/Y0

2 vs. Ub plot. It 
should be noted that the 1/Y0

2 vs. Ub plots give the same Nd = 1.6 × 1018 

cm− 3 for both the flat and 3D anodic films. 
Changes in d-values with Ub are shown in Fig. 8f. The thickness of the 

50-V flat film increases from 85 to 102 nm, meaning that the depletion 
layer thickens with increasing Ub. Similarly, the high-Rp layers of the as- 
anodized 3D nanofilm and the 200 ◦C-annealed 3D film thicken with 

increasing Ub. On the other hand, the low-Rp layers become thinner with 
increasing Ub. Notably, when measured at 0.0 V, the total d = ~74 nm 
for the as-anodized 3D film, while d = ~88 nm for the flat film. The 
discrepancy arises due to the dissimilar semiconducting properties of the 
two films. In addition, considering that, in the 50-V 3D nanofilm, the 
low-Rp layer is superimposed on the high-Rp layer, the sum of their 
thicknesses obtained at Ub > 3.0 V (when the entire high-Rp layer is 
depleted) and the apparent ε are comparable to those of the 50-V flat 
film, the ratio of C = 0.982 μF cm− 2 for the structured film and C =
0.287 μF cm− 2 for the flat film (both calculated at Ub > 3.0 V) should be 
equal to the ratio of the effective and apparent surface areas Ae:Aa = 3.4 
associated with the 3D nanofilm. 

Considering the electrical properties of the layers in the 3D anodic 
films (Fig. 8g), one may see that the ρ-values for both the flat film and 
the high-Rp layers in the 3D film lie in the MΩ cm2 nm− 1 range when 
measured at bias potentials above 0 V. The range widens in the Mott- 
Schotky measurements (0.3–30 MΩ cm2 nm− 1). Below − 1.0 V, the 
ρ-value decreases gradually to a level typical for the low-Rp layers 
(30–160 Ω cm2 nm− 1). 

Although the best n-values are extracted from the CPE parameters for 
the flat film (improving from 0.98 at − 1.0 V to 0.99 at >2.0 V, not 
shown), the 200 ◦C annealed 3D nanofilm shows competitive n-values 
(0.98) at Ub > 0 V. Relatively worse n-values are attributed to the as- 
anodized (thermally untreated) nanostructured film, increasing from 
0.90 at − 1.0 V to 0.97 at >3.0 V. 

In summary, the Mott-Schottky measurements revealed that the flat 
and 3D nanofilms are n-type semiconductors with low donor densities 
Nd = ~2 × 1018 cm− 3. This finding implies that the alloying of Nb with 
48 at.% Ta is insufficient for the transition from semiconductor to fully 
dielectric properties of anodic oxide on the alloy, regardless of the 
supporting substrates. The featured double-layered behavior of the as- 
anodized 3D film becomes less pronounced at higher bias potentials 
due to the thinning of the low-Rp layer. The low-temperature post- 

Fig. 8. Experimental (symbols) and fitted (solid lines) Bode plots of the (a) as-anodized flat anodic film, (b) as-anodized 3D anodic film, and (c) 200 ◦C-annealed 3D 
anodic film measured at various bias potentials, Ub. (d) Mott-Schottky, (e) 1/Y0

2 vs. Ub, (f) d vs. Ub, and (g) ρ vs. Ub plots of the as-anodized flat anodic film, as- 
anodized 3D anodic film, and 200 ◦C-heated 3D anodic film calculated from the Bode plots in (a), (b), and (c), respectively. Only the high-Rp layers were consid
ered in (d) and (e). All anodic films were formed by anodizing to 50 V. 
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anodizing air-annealing of the 3D nanofilm enhances the effect even 
further. 

3.5.4. Stepwise Ta-Nb alloy anodizing 
To disclose the origin and understand the electrical behavior of the 

low-Rp layer in the 3D nanofilms, the PAA-templated alloy was anodized 
from 10 to 130 V in 10 V steps. After each anodizing step, the film was 
examined by EIS at 0.0 V. To explore the effect of annealing, after each 
anodizing step followed by recording EIS diagram, the film was 
annealed at 200 ◦C for 1 h and analyzed by EIS at 0.0 V again. The 
experimental and fitted Bode plots for the stepwise anodized and 
annealed 3D nanofilms are shown in Fig. 9a–c. The analysis of the 
experimental data is presented in Fig. 9d–g. 

The Bode plots of the as-anodized 3D nanofilms (Fig. 9a) show a 
pronounced double-layered behavior beginning from Ua = 40 V, 
whereas a single-layer behavior is noted for Ua ≤ 30 V. This implies that 
the low-Rp layer starts to form only at Ua ≥ 30 V. Annealing the films 
after each anodizing step (Fig. 9b) results in substantially flattening the 
double-layer behavior. Moreover, the phase shift improves with 
increasing Ua above 30 V. A comparison of the selected Bode plots before 
and after the annealing is shown in Fig. 9c. Interestingly, the Z-value of 
the 30-V 3D nanofilm does not change much after the annealing in the 
entire frequency range, whereas for the 80- and 130-V films, the Z-value 
at frequencies below ~10 Hz rises substantially. The Bode plots were 
fitted accordingly – using an equivalent circuit involving one or two 
CPEs, each in parallel with Rp. 

The calculated values for C decrease with increasing Ua (not shown), 
as can be expected due to the thickening of the layers with anodizing 
voltage. The flat anodic films show a single capacitance with a linear 
increase in 1/C vs. Ua (Fig. 9d, grey symbols), meaning a linear rise in 
d with Ua (Fig. 9f), as expected from the high-field growth kinetics [47]. 
For the reasons explained below, the 1/C vs. Ua data associated with the 

nanostructured films cannot be linearly fitted with a constant slope in 
the entire voltage range. 

4. Discussion 

Until now, there have been no reports on forming a smooth contin
uous metal or metal-alloy conducting layer in the alumina nanopores. 
Masuda and Satoh [48] have utilized a very thin PAA template for 
forming an array of Au nanodots on a substrate via electron-beam vac
uum evaporation. Although K. Yasui and co-workers have succeeded in 
filling the alumina nanopores with metal by vacuum deposition, no 
space was left in the pores free from the deposit [49]. Yong-il Park and 
co-workers have reported the formation of Y-Zr metal deposits onto PAA 
templates with pore sizes of 20 and 200 nm using a DC magnetron 
sputtering method. However, the deposited metal covered the pore 
necks and PAA surface only, blocking the pore outlets before any 
coverage was made inside the pores [50]. The success of our work is 
explained by experimentally disclosing the right combination of the 
technological, electrical, and electrolytic conditions for fabricating a 
PAA template with the most appropriate relation between the pore size, 
pore depth, and interpore spacing, enabling the sputtered atoms to enter 
the pores and condense on the pore walls most evenly and without 
interruptions. 

The Ae:Aa ratio is expected to vary with Ua due to specific features of 
the PAA substrate and the unevenness in the stepwise thickening of the 
various parts of the anodic films. The Ae:Aa ratio was calculated, as 
described above, at 0 V, neglecting the impact of the film’s semi
conducting nature for each anodizing voltage (Fig. 9e). The uneven 
behavior of the Ae:Aa ratio with increasing Ua is associated with the 
following overlapping effects: 

Fig. 9. Upper row: Experimental (symbols) and fitted (solid lines) Bode plots of the 3D anodic films (a) stepwise anodized from 10 to 130 V, (b) stepwise anodized 
and annealed after each anodizing step at 200 ◦C. Selected plots are shown individually in (c). Lower panel: comparative (d) reciprocal capacitance, (e) effective-to- 
apparent surface ratio, Ae:Aa, (f) EIS-determined film thickness, and (g) resistivity of the 3D and flat anodic films. 
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(1) At the low anodizing voltages, the initial surface nano
morphology of the deposited alloy is preserved over the entire 
film surface, which contributes to enlarging the effective surface 
area at the electrolyte/film interface in addition to the PAA- 
templated structure of the deposit. Simultaneously, the film/ 
metal interface expands due to the consumption of the deposited 
alloy. These effects account for the initial surge in the Ae:Aa ratio 
up to 4.5 at Ua = 5–20 V. 

(2) With the thickening of the anodic film, the porosity at the elec
trolyte/film interface becomes lower due to the narrowing of the 
pores owing to the volume expansion of growing oxide. The 
nanomorphology of the anodic film is no longer preserved at Ua 
> 30 V. The two effects largely account for the decay of the Ae:Aa 
ratio to ~3.5 at Ua = 30–60 V.  

(3) With further anodizing, the remaining alloy continues to thin 
and, at a certain voltage, becomes fully consumed locally inside 
the pores where the deposit is the thinnest (~55 nm) – on the 
pore walls and bottoms, as shown schematically in Fig. 10a. 
Under the assumption of the film formation ratio of 2.0 nm V− 1 

and Pilling-Bedworth ratio of 2.5 [19,51], the thinnest parts of 
the alloy film should be fully oxidized at Ua = ~70 V. The area of 
the consumed alloy extends continuously with increasing Ua, 
shrinking the surface of the bottom electrode and continuously 

making Ae smaller, as depicted in Fig. 10b. Likely, the entire 
consumption of the alloy at the pore walls and bottoms accounts 
for the change in the Ae:Aa vs. Ua slope in the range of ~60 to 80 
V.  

(4) The oxide grown over the pore necks and the interpore peaks 
swallows and flattens continuously with anodizing voltage until it 
blocks the pore necks, preventing the bulk electrolyte from 
entering the pores (Fig. 10b). Because of the not very narrow 
pore-size distribution and some thickness inhomogeneity in the 
deposited alloy across the sample surface, the two phenomena 
evolve gradually, resulting in systematically reducing the Ae:Aa 
ratio from ~2.5 to ~1.5 at Ua = 80–130 V. The pore necks 
become hardly identified, and the film grows almost as a flat layer 
with an increase in Ua over 150 V, as shown in the SEM image in 
Fig. S9. 

Using the estimated Ae:Aa ratio for each value for anodizing voltage, 
the thicknesses of the various layers in the 3D nanofilms may be 
calculated based on the C-values extracted from the CPE parameters 
(Fig. 9f). The experimental d vs. Ua curve for the flat film is added for 
comparison. The high-Rp layer thickness increases linearly up to 30 V, 
similar to the flat film. Beyond ~40 V, the rate begins to retard. From 
this point, the low-Rp layer begins to form, thickening proportionally to 
anodizing voltage, dominating in the pair and occupying 50 to 70 % of 
the total film thickness with increasing Ua from 70 to 130 V. For the 
stepwise anodized and then annealed at 200 ◦C 3D films, a linear 
thickening of the high-Rp layer is observed with increasing Ua. The 
impact of the annealing that makes the high-Rp layer dominate and 
finally take the entire film depth is exceptionally favorable for applying 
these films as capacitor dielectrics. 

The state when the low-Rp layer partially (or fully) transforms into 
the high-Rp layer due to the annealing is preserved unless the film is 
anodized to the same or higher voltage again. Another annealing re
stores the high-Rp state. For example, Fig. 10c depicts such transitions in 
the two-layered structure of a film that was first anodized to 50 V, then 
annealed at 200 ◦C, then anodized to 60 V, and annealed at 200 ◦C 
afterward. 

The values for ρ of the high-Rp layers remain in the order of 
~10–100 MΩ cm2 nm− 1, increasing after the 200 ◦C annealing by order 
of magnitude in the voltage range of 10–50 V (Fig. 9g). In this regard, 
the 3D nanofilms overperform their flat counterparts (ρ < 5 MΩ cm2 

nm− 1) and anodic films on Ta or Nb [39,41]. 
The impact of annealing on the low-Rp layer in the 3D nanofilms 

cannot be explained by chemical or structural changes because, at such 
relatively low annealing temperatures, crystallization of the oxide ma
terial or recrystallization of the remaining alloy does not occur. Thermal 
oxidation or oxygen diffusion out of the oxide is not expected, nor do 
physical defects form in the oxide, as revealed by SEM examination. 
Instead, we assume that the formation of an immobile negative space 
charge [52] in the outer layer of the freshly prepared 3D oxide films 
accounts for the two-layered electrical behavior. According to previous 
reports [53,54], during anodizing, the field-induced ionization of the 
water molecules yields electrons, protons, and free radicals (OH•). The 
released electrons create a ‘virtual’ cathode, which can, under a 
particular field, eject electrons into the growing anodic film [54]. The 
ejected electrons are captured by the trapping centers in the film, such as 
incorporated electrolyte-derived species or oxygen vacancies energeti
cally localized near the conduction band. Filling the electron traps with 
electrons creates a negative space charge in the outer part of the film 
material. The depth of the space-charge layer and its uniformity may 
depend on the anodizing voltage, the local field distribution, and the 
presence and distribution of impurities and substoichiometric oxides 
(positively charged oxygen vacancies) in the film. For Ua < 30 V, a space 
charge does not form because the effect seems to be voltage- or field- 
strength-dependent, as revealed in the case of anodic oxide films on 
aluminum [55]. The process of filling the traps depends on the 

Fig. 10. (a, b) Surface-view SEM images and schematics of corresponding 
cross-sections of a 3D Ta-52 at.%Nb alloy anodized to (a) 50 V and (b) 130 V. 
(c) Schematic views explaining the impact of annealing and repeated anodizing 
on the thicknesses of the high-Rp and low-Rp layers in the 3D Ta-52 at.%Nb 
alloy films anodized to 50 V and then 60 V. 
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temperature. The emission of electrons from the trap states to the con
duction band is activated by annealing, and the space charge is reduced 
or completely disappears depending on the annealing temperature and 
time. 

The presence of a space charge in the 3D nanofilms and its absence in 
the flat films can be explained based on the compositional and structural 
differences in the two film types. Both films grow on the Ta-52 at.%Nb 
alloy by migration of cations and anions, with slower migration of Ta5+

ions relative to Nb5+ ions. This leads to unevenly mixing the two oxides 
across the film depth, forming a niobium-oxide-rich outer film layer, 
which is relatively thinner in the 3D nanofilm. The migration rates of 
Ta5+ and Nb5+ ions may differ in the flat and structured anodic films, 
resulting in a different Ta:Nb ratio in the two films. The concurrent 
migration of cations of lower oxidation states such as Ta4+, Ta3+, Nb4+, 
and Nb3+ at competitive to Ta5+ and Nb5+ rates occurs exclusively in the 
nanostructured anodic film, as was previously revealed for the case of 
the PAA-assisted anodization of Ta [56], resulting in the formation of a 
considerable amount of corresponding suboxides in addition to oxygen- 
deficient pentoxide in the 3D film composition. 

In contrast, anodic oxides on the flat alloy contain fully stoichio
metric Ta2O5 and Nb2O5 units. The unusually low-binding-energy O 1s 
and O 2s peaks in the XP spectra of the 3D nanofilm denote the presence 
of additional extraordinary compositional features in the 3D anodic 
films with no counterparts in the flat oxides. More compositional dis
similarities in the two film types potentially impacting their electronic 
properties may be expected due to the differences in the size and 
orientation of nanocrystallites and film grains in the Ta-52 at.%Nb solid 
solutions coated on the two substrates. 

5. Summary and conclusions 

The following conclusions can be drawn from the present study.  

1. The Ta-52 at.%Nb alloy coatings were magnetron sputter-deposited 
and partially anodized over a PAA template with 500 nm pores to 
form high-quality continuous 3D alloy/oxide nanofilms of up to 4.5 
times enlarged surface area.  

2. The anodic films grow by migration of cations and anions, with 
slower migration of Ta5+ ions relative to Nb5+ ions, creating mixed 
oxides in the film depth. The unusual migration of Ta4+, Ta3+, Nb4+, 
and Nb3+ ions forms several suboxides in the 3D anodic-oxide 
nanofilm.  

3. The anodic films behave as an n-type semiconductor with low donor 
densities Nd = ~2 × 1018 cm− 3, appropriate for dielectric 
applications.  

4. The two-layered structure revealed for the 3D nanofilms anodized 
above 30 V transforms into a single high-resistivity (~100 MΩ cm2 

nm− 1) layer after air annealing at temperatures over 200 ◦C due to 
releasing the negative space charge from the outer film part.  

5. The capacitance of the 3D oxide nanofilm formed by anodizing to 
practical 50 V is 1.2 μF cm− 2 and independent of annealing tem
perature, while the anodic oxide becomes increasingly dielectric 
with rising annealing temperature above 200 ◦C. 

6. The coatings developed here may be utilized as novel 3D nano
structured electrodes/dielectrics for electrolytic microcapacitors 
suitable for traditional electronic circuits and energy-storage appli
cations. Gas-sensing, superhydrophobic, or biomedical effects may 
also arise in these 3D nanofilms, similar to some previously reported 
self-organized anodic oxides on valve metals [26,57–59]. 
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