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Abstract: In this paper, the results of the potentiostatic formation of homogene-
ous and heterogeneous, nano-crystalline passive films of Nb,Os onto an Nb
electrode in NaOH solutions of different concentrations at potentials lower than
3.0 V vs. SCE are presented. The semiconducting properties of such films were
investigated by EIS measurements. After fitting the EIS results by appropriate
equivalent circuits, the space charge capacitance (Cy.) and space charge resis-
tance (Ry.) of these films were determined. The donor density (Ng.), flat band
potential (Eg,) and thickness of the space charge layer (dy.) for such oxide films
were determined from the corresponding Mott—Schottky (M—S) plots. It is shown
that all oxide films were n-type semiconductors in a certain potential range.

Keywords: nano-crystalline; Nb,Os; passive film; Mott—Schottky plot; n-type
semiconductor.

INTRODUCTION

Among transition metal oxides representing materials having interesting pro-
perties, such as superconductivity, colossal magneto-resistance and piezoelectri-
city, niobium oxides are one of the most interesting. For instance, NbyOs5 posses-
ses outstanding dielectric properties, NbO; is a semiconductor, while NbO is a
metallic conducting material.! Due to such properties, they are of high interest
for application as devices, optical coatings,? solar control and electrochromic
films,3:4 oxygen sensors> and capacitors.®=8 Therefore, procedures for their pre-
paration and evaluation of their properties have attracted considerable attention in
recent years. Most of the available data from the materials science approach con-
sider the synthesis of NbyOs thin films.9~!!

On the other hand, considerable amount of literature data are available in the
field of electrochemical formation, stability and properties of Nb,Os5 passive
films on an Nb electrode in different electrolytes.12743 It was shown that a thin
passive film, originally formed on an Nb electrode in air, can easily be thickened
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by anodization,!2716 whereby this process occurs by high-field, ionic migration
in the thin film,12-15 either by metal ions outwards or oxygen ions inwards.!0 It
was also shown that the passive oxide film formed on the Nb electrode consists
mainly of amorphous NbyOs."* ' Its density was determined!”-18 to be 4.74 g cm 3,
while its dielectric constant!2 was estimated to be about 45 and that such a film
possessed a rather high donor density of the order of 1019 cm™3 (recently it was
found that its value should be 41).7-8 The value of donor density was ascribed to
oxygen vacancies making such a passive oxide film an n-type semicon-
ductor.1920 As shown in the book of R. Morrison,20 an n-type Nb,Os passive
film is characterized by a band-gap of 3.4 eV and by a flat band potential of
—0.75 V vs. SHE at pH 13.0.22 Some studies have been devoted to the kinetics of
the dissolution of naturally formed oxide films2425 and to the kinetics of the for-
mation of passive oxide film.23:26-31 In some cases, EIS27-32.33 and photoelec-
trochemical34 measurements were performed in order to analyze the properties of
Nb,Oj5 passive films. An ellipsometric study revealed that with increasing anodic
potential in the range from 2.0 to 10.0 V vs. SHE in 1.0 M H;SOy, the thickness
of the NbyOs film increased linearly from about 10 nm to about 28 nm,28 with
the simultaneous evolution of oxygen at potentials higher than 2.0 V vs. SHE.
Most recently it was shown that by combination of anodization — annealing — ano-
dization techniques, porous Nb,Os5 films of thickness of more than half a micro-
meter could be formed onto an Nb electrode in 1.0 M H3PO4 with the addition of
1.0 wt. % HF at 5.0 °C at 2.5 V vs. Ag|AgCl (3.0 M KCl) followed by annealing
under a nitrogen atmosphere at different temperatures for 3 h.35 It is important to
note that the electrochemical behavior of Nb (corrosion and passive oxide film
formation) were mainly investigated in a relatively narrow potential range, from
about —1.3 to about 1.0 V vs. SCE,23731 while the properties of Nb,Os passive
films were mainly investigated for the films obtained under high-voltage anodi-
zed Nb.12720,27.33.34 The semiconducting properties of passive oxide films for-
med at potentials lower than 2.0 V vs. SCE have practically not been reported in
the literature hitherto.

In this study an attempt was made to grow potentiostatically Nb,Os5 passive
films in NaOH electrolyte of different concentrations at potentials lower than 3.0 V
vs. SCE and to investigate their semiconducting properties by analysis of EIS
results and M-S plots.

EXPERIMENTAL

All experiments were carried out in a three-compartment standard electrochemical cell at
room temperature in an atmosphere of purified nitrogen. Before each experiment, the electro-
lyte was purged with N, for 30 min. The same N, atmosphere was maintained over the solu-
tion during the experiment to minimize oxygen contamination. A platinum mesh counter elec-
trode and the reference, saturated calomel electrode (SCE), were placed in separate compart-
ments. The latter was connected to the working electrode by a Luggin capillary. All solutions were
made from analytical grade NaOH (Merck) and extra pure UV water (Smart2PureUV, TKA).



SEMICONDUCTING PROPERTIES OF Nb-OXIDE 3 53

Polarization, chronoamperometric and EIS measurements were performed by a compu-
ter-controlled Gamry potentiostat (Reference 600) using Corrosion Software DC 105, Physi-
cal Electrochemistry Software PHE 200 and Electrochemical Impedance Software EIS 300.

Contact of the Nb (99.9% Goodfellow) sample (1.0x1.0x0.2 cm3) with a copper wire on
the back side of the electrode was made with silver conductive epoxy paste (Alfa Aesar) and
electrode was sealed in an epoxy resin so that only an area of 1.0 cm? was exposed to the
solution. Once mounted, the electrode was polished first on emery papers (1200, 2400 and
4000) and then on polishing clothes impregnated with alumina down to 0.05 pm (1, 0.3 and
0.05 pm), cleaned in an ultrasonic bath for 10 min (to remove traces of polishing alumina),
thoroughly washed with extra pure UV water and transferred to the electrochemical cell in
which the chronoamperometric, polarization and EIS measurements were performed.

Before the polarization measurements, the Nb electrode was kept at the open circuit po-
tential for 10 s and cathodic limit was set at —1.35 V. The polarization diagrams were recorded
at a sweep rate of 1.0 mV s! starting from the cathodic limit and finishing at 3.0 V in 0.25 M
NaOH and at 2.0 V in 2.50 M and 5.00 M NaOH. The formation of passive oxide films was
performed by the following procedures: in 0.25 M NaOH, the potential was first set at 1.0 V
for 1 h and then at 3.0 V for 2 h; in 2.50 M NaOH, the potential was first set at 1.0 V for 1 h
and then at 2.0 V for either 3 h or 6 h; in 5.00 M NaOH, the potential was first set at 1.0 V for
1 h and then at 2.0 V for 1 h. The corresponding current density VS. time responses were also
recorded. After passive oxide film formation, EIS spectra were recorded at different poten-
tials, covering the potential region B (see Fig. 1), starting from the most positive one (usually
2.0 V, except for 0.25 M NaOH where the starting potential was 2.7 V) down to a potential of
0.5 or 0.6 V. All EIS spectra were recorded in the 0.1 Hz to 40 kHz frequency range with ac
amplitude of 10 mV. After completion of these measurements, EIS spectra for certain poten-
tials in the range 0.6-2.0 V (for example 1.0 V, 1.5 V and 2.0 V) were recorded again to
determine whether the property of the passive film had changed during this procedure. It was
found that the maximum difference between the first and repeated experiments was in the
range of £5 %, confirming that the properties of the passive film remained the same during the
impedance measurements.

Scanning electron microscopy was performed using a VEGA TS 5130 MM (TESCAN)
microscope.

RESULTS

The polarization diagrams recorded in three concentrations of NaOH (mar-
ked in the Figure) are shown in Fig. 1. As can be seen, all the diagrams are
characterized by a corrosion potential (being more negative at higher concen-
trations of NaOH) followed by a sharp increase and a peak of the current density.
This peak is seen to be more pronounced at higher concentrations of NaOH. At
more positive potentials (region B on the diagram), all polarization curves are
characterized by a current density plateau up to the potential of region C (dashed
line in Fig. 1). In the potential region C, a second current density increase is seen
to occur in all solutions, followed again by a current density plateau up to the
upper applied potential limit (2.0 or 3.0 V).

The current density vs. time responses (j VS. t) for the formation of passive
films in 0.25, 2.50 and 5.00 M NaOH are presented in Fig. 2a, 2b and 2c, res-
pectively. The first applied potential of 1.0 V was approximately the potential of
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the second peak (second current density increase) in all solutions, while the se-
cond applied potential was the maximum potential recorded on the polarization
diagrams (Fig. 1). As can be seen, the j vs. t transients recorded in 0.25 and 2.50
M NaOH solutions were monotonously falling transients for both applied poten-
tials, while in the case of 5.00 M NaOH, first transient (1.0 V) was characterized
by a current density increase after about 1000 s.
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1 Fig. 1. Polarization diagrams re-
corded onto Nb electrode at a
sweep rate of 1.0 mV s in NaOH
solutions of different concentra-
E/Vvs. SCE tions (marked in the Figure).
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Fig. 2. Current density vs. time (j vs. t)
7 responses recorded during passive film for-
mation in NaOH solutions of different con-

: centrations: (a) 0.25, (b) 2.50 and (c) 5.00 M.
Y L 2 3 4 5 6 7 The corresponding potentials are given in the

t/ ks Figure.

The equivalent circuits used for fitting the EIS results are presented in Fig. 3.
In all cases for 0.25 and 2.50 M NaOH, the best fit was obtained with the equi-
valent circuit (a). For the highest NaOH concentration of 5.00 M, the EIS results
were of a different shape, characteristic for the surface charge approach35-37 and
these results were fitted with the equivalent circuit (b), used in the literature for
such an approach.31:33.35737 The parameters of the corresponding equivalent cir-
cuits are: (a) Rq — solution resistance; CPEg. — constant phase element corres-
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ponding to the space charge capacitance3® (Zcpg = Yo(j@)%); Rsc — space charge
resistance; (b) Ry — solution resistance; Co — Faradaic pseudocapacitance; Cy, — bar-
rier film capacitance; Ry, — resistance of defect migration; Rgc and Lgc — ele-

ments associated with the negative surface charge at the film/solution inter-
face.31,33,35-37

(a) (b)
CPEsc

— — 1 —m———
{1 — - H| L

R, R o —_
|:| | S—
Rs(' Rb

Fig. 3. Equivalent circuits used for fitting the EIS results.

Typical experimental EIS results (squares, circles, triangles, etc.) together
with the fitting curves (solid lines) obtained in 0.25 and 2.50 M solutions are
presented in Fig. 4. Actually, Fig. 4 represents the results obtained with the pas-
sive oxide film formed for 1 hat 1.0 V and for 3 h at 2.0 V in 2.50 M NaOH. The
Z’-7"’ diagrams recorded at each potential are presented in Fig. 4 and the corres-
ponding potentials are marked in V (a — potentials from 2.0 to 1.3 V and b — po-
tentials from 1.2 to 0.6 V). In general, the shape of all diagrams recorded in 0.25
and 2.50 M NaOH were identical to those in Fig. 4, except that the values of Z’
and Z”* were different for different cases. A characteristic of the fitting results for
these Z’-Z’ diagrams is that the heterogeneity factor in the CPEs (&) is, in all
cases, very close to unity (varying between 0.95 and 0.98), indicating that the
space charge of the oxide films was almost homogeneously distributed in the film
(see Discussion).

The EIS results obtained for the oxide film formed in 5.00 M NaOH are
shown in Fig. 5 (the squares, circles, triangles, etc. are experimental points, the
solid lines are the fitting results). The shape of the Z’-Z’’ diagrams is charac-
teristic for the surface charge approach and, accordingly, the experimental results
were fitted with the equivalent circuit developed for such an approach, presented
in Fig. 3b. All the 2’-Z’ diagrams were recorded in the range from 2.0 to 0.8 V
and the low frequency limit was set at 0.50 Hz (some of the diagrams are shown
in Fig. 5a). One Z’-Z"’ diagram, recorded for a potential of 1.4 V, was repeated
(after the whole set of experiments were finished) with the low frequency limit
set at 0.10 Hz. This diagram is presented in Fig. 5b. The experimental results in
Fig. 5 were fitted by the equivalent circuit presented in Fig. 3b (dotted line) and
by the same equivalent circuit where Cy was replaced by CPE (solid line). As can
be seen, a much better fit was obtained with CPE. Hence, all the experimental
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results were fitted by both equivalent circuits and the small difference was re-
corded for the parameters plotted in Fig. 7a and 7b. On the other hand, the values
of Cp varied between 2259 and 3761 uF cm™2, most likely indicating a high
roughness of the electrode surface and the possible adsorption of anions onto the
passive film. At the same time, when fitting the EIS results with CPE instead of
Co, the heterogeneity factor in the CPEs (&) was found to vary between 0.613
and 0.762, also indicating a heterogeneous distribution of charge at the ox-
ide/electrolyte interface.

10°[-Z" /1 Q cm?

Fig. 4. 2’-Z>’ Diagrams recorded in
T 2.50 M NaOH after passive film
(b} 1 formation for 1 hat 1.0 V and 3 h at
2.0 V. The corresponding potentials
are marked in V: (a) from 2.0 to 1.3 V;
71 (b) from 1.2 to 0.6 V. The experi-
1 mental points are presented by squa-
res, circles, triangles etc., while the
o o . L solid lines represent the fitted curves
0 5 10 15 20 25 30 135 40 Obtained using the equivalent circuit
3 ) presented in Fig. 3(a). Frequency
107 [Z'] G em’] range: from 40 kHz to 0.10 Hz.

-
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The M-S plots shown in Fig. 6 were obtained by analysis of the EIS results
for: (a) 0.25, (b) 2.50 and (c) 5.00 M NaOH. As can be seen in Fig. 6a, linear M—S
plot were obtained for the concentration of 0.25 M in the potential range from 2.5
to 1.4 V, while in the case of 2.50 and 5.00 M NaOH, well defined M-S plots
were obtained over the whole investigated range of potentials for both passive
films. These results indicate that n-type semiconducting oxide films are formed
in all cases.

The results presented in Fig. 7 were obtained by analysis of the Z2’-Z”’
diagrams shown in Fig. 5. The squares represent the results obtained by fitting
the Z’-Z’ diagrams using the equivalent circuit presented in Fig. 3b, while the
circles represent the results obtained by the fitting Z’—Z’’ diagrams using the
same equivalent circuit with Cg being replaced by CPE. As can be seen in Fig. 7a
and 7b, linear dependences (predicted by the model) were obtained for C,~! vs. E
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and Ry j Vvs. E. The steady-state current density used to plot Ry j vs. E is the cur-
rent density recorded at the end of the pulse presented in Fig. 2¢. To obtain all the
model parameters (see discussion), the (Rp/Rsc) vS. E and (Lg¢ j /Rsc) VS. E depen-
dences are plotted in Fig. 7c and 7d, respectively, for all the investigated poten-
tials. Although the model of surface charge approach does not consider a linear
dependence for C,, 72 vs. E (M-S plot), this dependence was also recorded, as
shown in Fig. 6c.

(a) 1 Fig. 5. (1) 2-Z” Diagrams recorded in
71 5.00 M NaOH after passive film for-
4 mation for lhat 1.0 Vand 1 hat2.0 V.
1 The corresponding potentials: [ 1.9,
7 O17,A15V13,O1.1and ®09 V.
4 The experimental points are presented

by squares, circles, triangles etc., while
I4 ' 1I6 ' 1I8 5o the solid lines represent the fitted curves
2 . obtained using the equivalent circuit
107 [Z2'/ em’] presented in Fig. 3(b). Frequency range:
from 40 kHz to 0.50 Hz. (b) Z2°-Z”
Diagram in the same solution under the
1 same conditions of passive film for-
® 1 mation: potential 1.4 V. The experi-
mental points are presented by circles.
The dotted line represents the fitted
curve obtained using the equivalent cir-
cuit presented in Fig. 3(b), while the
solid line represents the fitted curve ob-
tained using the same equivalent circuit
but with C; being replaced by CPE.
107 (2" 1 Q cm] Frequency range from 40 kHz to 0.10 Hz.
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The SEM micrographs of the surface of the oxide films formed in 2.50 M
NaOH by the pulse procedure (b), Fig. 2, and in 5.00 M NaOH by the pulse
procedure (c), Fig. 2, are presented in Fig. 8a and 8b, respectively.

The M-S plots obtained by analysis of the EIS results recorded in 2.50 M
NaOH are presented in Fig. 9a and 9b, assuming that the impedance of the pro-
cess occurring in the semiconducting oxide film could be presented by the paral-
lel connection of Cg. and R or the serial connection of Cy. and Rg, respectively
(see Discussion).

The properties of the space charge layer (slopes of the M-S plots, donor den-
sities, Ngc, flat band potentials, Eg,, and thicknesses of the space charge layer,
dsc), obtained by the analysis of M-S plots presented in Fig. 6, as a function of
the NaOH concentration and the conditions of the formation of NbyOs film are
presented in Table 1.
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Fig. 6. M-S plots for the passive films formed in: (a) 0.25, (b) 2.50 (1 — 1 h at 1.0 V followed by
3hat2.0V;2—-1hat1.0V followed by 6 hat 2.0 V) and (c) in 5.00 M NaOH (O — C,, values
obtained by fitting the EIS results using the equivalent circuit presented in Fig. 3(b);

O — C,, values obtained by fitting the EIS results using the same equivalent circuit
but with C, being replaced by CPE).
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Fig. 7. (a) C,l vs. E, (b) Ry j Vs. E, (c) (Ry/Ry) Vs. E and (d) (L j /Rsc) VS. E dependences
obtained by fitting the EIS results presented in Fig. 5. (J) Cy, Ry, Ry and L, values
obtained by fitting the EIS results using the equivalent circuit presented in Fig. 3b;
(O) Cy, Ry, Ry and L values obtained by fitting the EIS results using
the same equivalent circuit but with C,, being replaced by CPE.
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Fig. 8. (a) SEMs of the Nb,O5 surface formed in 2.50 M NaOH by pulse procedure
(b) in Fig. 2; (b) SEMs of the Nb,O5 surface formed in 5.00 M NaOH by
pulse procedure (c) in Fig. 2.
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Fig. 9. M-S plots calculated from the EIS data recorded in 2.50 M NaOH for the film formed
with 1 hat 1.0 V and 3 h at 2.0 V, assuming (a) parallel connection of Cy, and Ry, and (b)
serial connection of Cy, and R for different frequencies: O — 10 kHz; O — 1 kHz;
A—100 Hz and V- 10 Hz.

DISCUSSION

Polarization diagrams

According to the available literature, the formation of a passive film on Nb is
very sensitive to the pre-treatment of the electrode.30 In order to avoid the for-
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mation of Nb hydrides#%-4! of a wide non-stoichiometric composition? which
are usually formed at about —1.5 V vs. SHE,30 all polarization diagrams were re-
corded starting from the same cathodic potential limit of —1.35 V vs. SCE, i.e.,
about —1.0 V vs. SHE (after 10 s at the open circuit potential). As can be seen in
Fig. 1, with increasing NaOH concentration, the corrosion potential becomes
more negative, which is in accordance with previous investigations.2® Simultane-
ously, the peak of Nb dissolution and Nb,Os oxide formation,2® appearing at
slightly more positive potentials than the corrosion potential, was found to in-
crease with increasing NaOH concentration. At more positive potentials than the
peak potential, the sudden decrease in the current density indicates a well-defined
passive behavior of Nb (NbyOs passive film) and this is characteristic for the
potential region marked B in Fig. 1. With further increase of the potential in all
three solution concentrations, a further increase in current density could be detec-
ted, indicating that a new process occurs at the passive NbyOs film. Such a be-
havior was detected in a few previously published papers,30-32:34 but none of the
authors attempted to explain it. Characteristic for the potential region C is that
after the increase in current density a more or less well defined current density
plateau could be detected in all the investigated solutions, with the one in 0.25 M
NaOH being the best defined. Since a break-down of passive NbyO5 film was
found not to occur to 10 V30 and even up to 80 V,° this current density increase
could be ascribed to either further oxidation of the passive Nb,Os layer or some
other process, such as the accumulation of oxygen vacancies in the oxide film,
since it was shown that oxygen vacancies are donors in such an n-type semi-
conducting film.19:20 It is most likely that this process represents the accumu-
lation of oxygen vacancies in the oxide film, since all three oxides of Nb should
be formed at negative potentials (NbO at —1.57, NbO, at —1.46 and Nb,Os at
—1.128 V vs. SHE*3) and, simultaneously, the only oxide detected by the X-ray
diffraction technique3? at potentials more positive than 2.0 V vs. SCE was Nb,Os.

Passive oxide film formation at constant potentials

As can be seen in Fig. 2, in all cases, passive oxide films were formed by
applying two potentials: first at 1.0 V (approximately the potential of the current
density maximum in the potential region C) for 1 h and then at the potential of
the upper limit on the polarization curves for different time durations (2, 3, 6, and
1 h). Such a procedure was employed in order to obtain an as homogeneous as
possible oxide film and it is obvious that this was achieved since the factor of the
space charge layer homogeneity o was very close to 1 (see results). Also, with
such a procedure of passive oxide film formation the possibility for Nb hydride
formation3? was avoided. It is characteristic for Fig. 2 that only in 5.00 M NaOH
did the current density commence to increase after about 1000 s at the potential
of 1.0 V, indicating a possible increase of the surface area, most likely by an
increase of the roughness of the electrode surface, which was confirmed by the
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values for the Faradaic pseudocapacitance values (Cp), which varied between
2259 and 3761 uF cm™2 for such a passive oxide film (Fig. 5 — see discussion of
the EIS results) and by the SEM presented in Fig. 8b, with the passive oxide film
surface being characterized by the presence of a significant number of open pores
(cracks) of length about 0.5 um and width about 0.1 pum. As can be seen in Fig. 8a,
the surface of the passive oxide film formed in 2.50 M NaOH (pulse procedure
(b) — Fig. 2) was homogeneous, while the one formed in 5.00 M NaOH (pulse
procedure (c) — Fig. 2) was heterogeneous. The crystals of both films are extre-
mely small, being of the order of about 20 nm maximum (this could be estimated
at higher magnification, but the picture was not very clear and is not presented here).

EIS Results analysis

As can be seen in Fig. 4, all the EIS spectra recorded in 0.25 and 2.50 M
NaOH solutions in the frequency range 0.10—40 kHz were characterized by well
defined semi-circles on the Z’-Z’’ diagrams. After fitting them with the equiva-
lent circuit presented in Fig. 3a, very good fits were obtained, indicating that in
the given frequency range, a double layer capacitance could be neglected and that
the whole process is dominated by a space charge capacitance and a resistance. In
order to obtain the dimensionally correct value for the space charge capacitance
(Cse), the following Equation was used:#4

1

Csc :(YORslc_a)a (1)
which is derived from the Equation:*
Cye =Yo(@m)*™! )

where Y( represents the constant in the equation for the constant phase element3?
in all commercially available software (given in Q71 cm™2 s59), com is the fre-
quency of the maximum on the —Z’’ vS. log @ dependence (independent of the
value of @) and « is the factor of the charge distribution homogeneity in the pas-
sive oxide film. It is important to note that in such approach it is assumed that
both components of the space charge layer (Cy. and Ry) are dependent on « (these
equations are generally developed for parallel connection of CPE and R44-46),
After the fitting procedure and calculation of Cg, these values were used to plot
the dependences shown in Fig. 6. From the slopes of the M-S plots, the values of
the donor densities (Ng;) were calculated using the dielectric constant for NbyOs,
£=41.7 These values are given in Table I for all the passive oxide films together
with the values of the flat band potential (Eg,), obtained from the intercept at the
potential axis. As can be seen, the lowest value of Ny, was obtained for the oxide
film formed in 0.25 M NaOH, while the highest value was obtained for the film
formed in 2.50 M NaOH with the duration of the second pulse at 2.0 V being 6 h,
indicating that the number of donors (in this case oxygen vacancies) increased
with the time of electrode polarization at a given anodic potential. Also, it should
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be noted that the increase of Ny, was accompanied by a more negative value of
Efy,, which is in accordance with the theory of semiconducting processes!®-20 (an
increase in Ny lowers the slope of the M-S plot and accordingly the intercept at
the potential axis is shifted to more negative potentials).

TABLE 1. Conditions of Nb,Os film formation and oxide semiconducting properties

NaOH Condition of oxide Slope of M—S plot Ngx1020 Eg dge
Conc. film formation F?m*V! cm3 Vvs.SCE nm
025M lhat1.0V+2hat3.0V 351 0.98 -0.44 12.56
2.50 M lhat1.0V+3hat2.0V 208 1.65 -0.54 8.30
2.50 M lhatl1.0V+6hat2.0V 180 1.91 -0.92 8.28
5.00 M lhat1.0V+1hat2.0V 256 1.34 -0.19 8.54

The thickness of the space charge layer, dg., was calculated using the Equa-
tion:47-48

5 KT 1/2
EE
dy =| 0 (E-Eg —— 3
sc LNSC( b e):| ()

where &) represents the permittivity of free space, E is the potential of the passive
oxide film formation (the value of the second pulse, either 2.0 or 3.0 V), while e,
k and T have their usual meanings. As can be seen, the highest value of the space
charge layer thickness was obtained at the most positive potential of 3.0 V (in
accordance with the literature®-28), while with the duration of the second pulse,
the thickness of the space charge layer does not change but the donor density in-
creases and the flat band potential becomes more negative (line 2 in Fig. 6b).

In the case of 5.00 M NaOH solution, a completely different shape of 2’-Z"’
diagrams, characterized by the presence of an inductive loop, was obtained (Fig. 5).
According to Bojinov et al.36738 such EIS results are typical for the surface
charge approach, i.e., film growth is limited by both high-field assisted bulk mi-
gration and relaxation of the charge carrier density (in this case oxygen vacan-
cies) at the metal/film interface. During such a process, a thin continuous barrier-
-like layer of a wide band-gap semiconductor is formed. This theory predicts
several linear dependences for the parameters obtained by fitting the EIS results
using the equivalent circuit shown in Fig. 3b, two of them being: C,~! vs. E and
Rpj Vvs. E. As can be seen in Fig. 7a and 7b, respectively, both of them are linear
in the investigated potential range. Simultaneously, as the model predicts (see
Egs. (6) and (7)), the functions (Rp/Rgc) VS. E and (Lgc j/Rgc) VS. E are indepen-
dent of potential (Fig. 7c and 7d, respectively). For the same system, Nb in 5.00 M
NaOH, but at more positive potentials (2.0 V > E > 10.0 V) and a high tempera-
ture of 50 °C, similar dependences were obtained.32

According to the literature, 3236738 the parameters for the surface charge
model can be calculated from the following Equations:



SEMICONDUCTING PROPERTIES OF Nb-OXIDE 363

d(Ryj) RT

4
dE zFaE¢ @
dC,H _(-4) .
dE SgoEf
Ry )
i . ©)
Rsc (1_5)
Ly 38
el s )
RSC
and
Lscj :l * (7a)32
Re S
nF1-95)
Cho=——"-—-7- 8
0= g, ®)

where E¢ is the electric field in the film bulk; a, the half-jump distance of the
oxygen vacancies; S, the capture cross-section for positive defects by the nega-
tive surface charge; o, the polarizability of the film/solution interface; A, the cur-
rent efficiency for film formation under transient conditions; V,, the molar vol-
ume of the oxide; n, the number of elementary changes necessary to grow an ox-
ide (for NbyOs, n = 10) and z is the electric charge of the mobile species (in this
case Z = 2, charge transport occurs by oxygen vacancies, since it is assumed that
the transport of oxygen vacancies is much faster than that of metal ones). Using
the parameters of the surface charge model obtained from above Equations, it is
possible to calculate the formation ratio dx/dE, which in this case does not simply
coincide with the reciprocal of the electric field (traditional high field model4?),
but, according to Chao et al.,30 is linked to the electric field and the polarizability
of the oxide film/solution interface (point defect model) by the Equation:
dx 1-¢
dE  Ef

The model parameters obtained using Egs. (4)—(9) and the results presented
in Fig. 7 are: E;=2.83x106 V cm™1; S=1.1x1075 C cm™2 (according to Ref. 38),
or S =91 mC~! cm? (according to Ref. 32); §=0.34; Ay~ 1; @ = 4.88 nm and
dx/dE = 2.33 nm V™. Hence, if the results obtained in Ref. 32 are compared with
those presented in this paper, it could be concluded that, except for S and A, the
other parameters are in good agreement. It should be emphasized here that A,
presented in this paper (calculated from Eq. (8)) was obtained as an average value,
since the Faradaic pseudocapacitance value (Cp) varied between 2259 and 3761

©)

*It should be noted that in both references?8-32 the value of S is given in C*! cm?.
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uF cm~2 in the investigated potential range, with no indication of any linearity,
indicating 100 % current efficiency for the formation of the oxide film under the
given conditions. It is important to mention here that a significant difference in
the surface of the passive oxide films obtained in Ref. 32 and in this paper exists.
In Fig. 6 of Ref. 32, well-defined needle-like crystals (several tens of microns
long and about 1 um wide, randomly oriented) were detected on the Nb,O5 sur-
face after 60 min of polarization at 4.0 V vs. SCE in 5.00 M NaOH at 50 °C,
while in the present case, after 1 h at 1.0 V and 1 h at 2.0 V at 25 °C, a hetero-
geneous (with the presence of cracks — open pores), nano-crystalline Nb,O5 sur-
face was obtained. Such a difference in the morphology of the Nb,Os surface is
the most likely reason for the difference in the parameters S and A given in Ref.
32 and in this paper. It is also important to note that a much better fit of the ex-
perimental results presented in Fig. 5a would be obtained using CPE instead of
Co, which indicates that the calculation of A would be more accurate after fitting
the experimental results with CPE. Unfortunately, since there was no parallel re-
sistance in connection with Cg, the use of Egs. (1) or (2) was not possible and the
fitting results could give only a value of Yo which could not be used for the cal-
culation of A since its dimension is given in Q™! cm™2 s,

It is interesting to note that for the same system, a Cy, "2 vs. E (M-S) depen-
dence, shown in Fig. 7c, was also detected. Since the surface charge model pre-
dicts the existence of a thin continuous barrier-like layer of a wide band-gap
semiconductor, it seems reasonable to obtain well defined M-S plots.

A simplification of the process occurring at semiconducting electrodes, as-
suming either a serial connection of Cy. and Ry or a parallel connection of Cg¢
and Ry, is very often used in the literature.24.51756 At the same time, in most
commercially available software for M—S plots, a serial connection is assumed,
while in the case of EIS300 software of Gamry both situations can be used. In the
case of serial connection of Cg. and Ry, the capacitance is calculated directly
from the value of Z’, i.e., Cs. = 1/27£Z”’ and plotted as C, 2 vs. E, while in the
case of parallel connection of Cg; and Ry, the capacitance is calculated directly
from the value of Y’, i.e., Cs. = Y*/2f and plotted as C, 2 vs. E. The results of
such an approach for different frequencies (O — 10 kHz; O — 1.0 kHz; A — 100 Hz
and V — 10 Hz) are presented in Fig. 9 for the passive NbyOs film formed in
2.50 M NaOH for 1 h at 1.0 V and 3 h at 2.0 V. As can be seen, in both cases
well-defined linear M—S plots were obtained with their slopes changing with the
frequency. In case (a), the slope changed in the range of about 421-202 F2 m4 V1,
with the corresponding Ny values varying in the range 0.82x1020-1.70x1020 cm~3
(accordingly Eg, changed from —0.47 to —0.73 V). Comparing these values with
the one presented in Table I for this particular oxide film, it appears that in case
(a) a low frequency of 10 Hz should be used in order to obtain agreement with
the Ng. values determined by fitting the EIS spectra. In case (b), a positive slope
was obtained for 10, 1.0 and 0.100 kHz, while for 10 Hz, the slope was negative.
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The positive slope changed in the range 399-239 F2 m* V-1, with the corres-
ponding N values varying in the range 0.86x1020—1.44x1020 cm™3 (accordingly
Eq, changed from —0.44 to —0.72 V). Hence, in case (b), the M-S plot for 0.100 kHz
should be used in order to obtain agreement with the Ng. values determined by
fitting the EIS spectra. It is most likely that the change of the slope of the M—S
plots is a consequence of the fact that the capacitance is not an exactly parallel
plate condenser but is represented by the CPE and, although the values of « are
close to unity (0.95-0.98), the values of Cy are sensitive to such small deviations
from unity. It is also important to note that in case (b), at a frequency of 10 Hz
(V), such an approach is not recommended, since the slope of the corresponding
M-S plot changes, leading to the eventual conclusion that the investigated oxide
film is a p-type semiconductor. Usually such an approach is used in the litera-
ture24:51-56 at only one constant frequency (1.0 kHz in most cases), assuming
that at such a particular frequency, the system could be described by the serial
connection of the solution resistance and the oxide film capacitance (neglecting
the contribution of the double layer capacitance). This is a correct assumption
but, on the other hand, for impedance spectra of almost all systems this assump-
tion (simplification) is valid. Hence, it seems reasonable to avoid direct M—S
plots and obtain correct values of Cg by fitting the EIS results and then plotting
the corresponding M-S plots.

CONCLUSIONS

According to the results presented in this paper, homogeneous, nano-crystal-
line passive films of NbyO5 could be formed onto an Nb electrode by a proper
potentiostatic pulse procedure at potentials more negative than 3.0 V vs. SCE at
concentrations of NaOH equal to, or lower than, 2.50 M. It was shown that such
films are n-type semiconductors. Their semiconducting properties were found to
be different depending on the conditions of the film formation (NaOH concen-
tration and pulse regime). In 5.00 M NaOH, the properties of the passive film
could be explained by the surface charge model, with the passive oxide film being
heterogeneous.

NU3BOJ

MOJIYITPOBOAHUYKA CBOJCTBA OKCUJHUX OPUJTIMOBA ®OPMUPAHUX HA
Nb EJIEKTPOI Y PACTBOPY NaOH

BIIAJUMMUP /1. JOBU'h U BOPKA M. JOBU'h
HHcituiniyii 3a MyAGUOUCYUTAUHAPHA UCTUPaXCUBarsa, . ip. 33, 11030 Beozpao

YV 0BOM pajly IpHKa3aHH Cy pe3yJITaTH HOTCHIMOCTATCKOr (JOpMHUparba XOMOTEHHX U XETEpO-
TeHUX, HAHO-KPUCTAIHUX, MacuBHUX (puimoBa Nb,Os Ha enekTpoau o HHOOHMjyMa Y pacTBOpHMa
NaOH pa3nmuunTux KOHIIEHTpaluja ¥ Ha moTeHimjannma MamuM of 3,0 V mpema 3KE. Ilomny-
MPOBOJHMYKA CBOjCTBa OBakBuX (pruumoBa ucnutuBaHa cy EIS meromom. Hakon ¢uroBama EIS
pe3yiraTa oaropapajyhum eKBUBaJICHTHUM KoJioM ofipehuBane cy BpemaHocTH “space charge” kama-
mureta (Cq.) u “space charge” ornopa (Ry.). I'yctuna Hocunana naenexrpucama (Ng.), “flat band”
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norenumjan (Eg,) n nebmpuna “space charge” cnoja (dy.) oBux oxcuanux ¢unmosa oapeljeHa cy u3
onroBapajyhux Mott—Schottky 3aBucHocTn. [lokazano je ma ce y 5,00 M NaOH ¢opmupa xerepo-
IeHM OKCHUIHHM (MIIM ca OTBOpPEHHM Hopama (IyKOTMHaMa) Ha IOBPLIMHH, JOK CE IIPU HIKHUM
xoHuenTpaurjama NaOH ¢opmupa xomnaktan u xomoreH okcunau Guim. Mott—Schottky 3aBuc-
HOCTH Ca MO3WTUBHHM HarmOOM, PErHCTPOBaHE 3a CBE J00WjeHe (HUIMOBE, MOTBPhYjy na cy u3
CBHX pacTBopa J00WjeHH MOTyPOBOAHNYKN QHIMOBH N—THIIA.

(TTpumiseHo 26. jyna, pesuaupano 27. aprycra 2007)
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