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Semiconducting properties of TiO, films thermally
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Titanium oxide films, TiO,, were prepared on metallic titanium substrates employing a thermal treat-
ment at 400° C under normal air atmosphere, with various annealing times (15, 25 and 45 min). Cyclic
voltammetry and electrochemical impedance spectroscopy techniques were used to study the electro-
chemical and electrical characteristics of these films. The potential range for the voltammetric
measurements was —0.80 to 8.00 V vs MSE (mercurous sulfate reference electrode). An analysis of
the capacitance values of these semiconducting oxide films gave information about their electronic
characteristics. From Mott—Schottky plots the donor concentration (Np) and the flat band potential
(Eq,) were obtained. Np values ranged from 14 x 102 cm™ to 3.3 x 102 em™, while Ep, values
ranged from —0.40 to —0.98 V vs MSE, depending on the heating times for the oxide growth. The
thickness of the space charge region, calculated from the minimum value of the capacitance at high

band bending, varied between 1.45 and 2.13 nm.

1. Introduction

Many studies have been reported in the literature on
TiO, films obtained by electrooxidation of titanium
[1-4]. Studies on thermally generated films are rather
scarce, particularly those at temperatures below
606° C with short calcination times [5, 6]. These films
are interesting because dimensionally stable anodes
(DSA®) which use a metallic titanium substrate, are
prepared under these low-temperature and time con-
ditions, and are widely used in industrial electro-
chemical processes [7, §].

Studies on the semiconducting properties of TiO,
electrodes have received more attention since the
initial studies of the photo-oxidation of water were
at single crystals of »#-TiO, (rutile), used as photo-
anodes [9]. Such properties depend on various factors
including surface pretreatment of the titanium sub-
strate, the preparation technique, the temperature
and duration of heating, and the partial pressure of
oxygen during the oxidation process [10].

For many years intensive efforts have been made
to build low cost solar cells using semiconductor
materials immersed in a suitable electrolyte solution.
These devices, commonly named photoelectro-
chemical cells (PEC) carry out the photo-assisted
splitting of water processes. .

Anodic or thermal oxide films grown on some

* To whom correspondence should be sent.

metals (for example, titanium(iv) oxide on titanium
metal) are wide-gap n-type semiconductors,
behaviouring just as PEC. The suitability of TiO, as
anode material in the photoelectrolysis of water
resides in its chemical stability to aggressive aqueous
solutions and in its lattice stability in the presence of
the oxidant photogenerated holes. It has been found
that the polycrystalline TiO, prepared at high tem-
peratures (500—600° C) show visible light response
[11]; these being more suitable for the photoanodes
than the single crystals because of cost and ease in
the preparation process.

One of the major factors in determining the perfor-
mance of PEC devices are the physical properties of
the semiconductor material, and the modifications
produced by different preparation procedures. As
the photoresponse is determined by the Schottky-
like junction between the semiconductor film and
the electrolyte it is very useful to know in some detail
those properties as flat-band potentials (that deter-
mine the relative Fermi levels of the semiconductor
and electrolyte, and therefore the amount of band
bending at the interface), density and lifetime of min-
ority carrier, nature of the optical transitions, and so
on. On the other hand, the flat-band potentials values
obtained from photoresponse experiments are nor-
mally comparable with those obtained by capaci-
tance measurements using Mott—Schottky plots.
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The aim of the present work was to better charac-
terize those low-temperature formed titanium oxide
films, using cyclic voltammetry and electrochemical
impedance spectroscopy techniques to analyse the
electrochemical and electrical properties of the TiO,
films prepared at 400°C. The capacitance of the
oxide films is analysed as a function of the applied
potential for different heating times of the titanium
substrate, and parameters such as donor number
(Np), thickness (6) and flat-band potentials (Eg,)
were obtained.

2. Experimental details

Titanium oxide films, TiO,, were thermally grown on
metallic titanium discs 1.2cm diam. (Koch-Light
99.98%) by heating the discs for various times (15,
25 and 45min) at 400°C under an atmosphere of
air. The electrode surface exposed to the solution in
the electrochemical experiments corresponded to one
circular face (1.13cm? geometric area), the rest of
the surface being covered with a nonconductive paint.

The titanium substrate was mechanically polished
with 600 and 1200 grade SiC paper, and then chemi-
cally polished with an HF(48%)-HNO;(65%)-H,O
(1:4:5 in volume) mixture for 15s, and finally fully
rinsed with purified water in an uitrasonic bath.

The electrochemical measurements were performed
in a conventional three electrodes cell with a platinum
counter electrode and a Hg/Hg,S0,/Na,SOy (0.5M)
reference electrode. Unless otherwise indicated, all
potentials refer to that of this electrode. The support-
ing electrolyte was 0.5m Na,SO,4 at pH 4.0 prepared
from purified and deionized water (Milli RO-Milli Q
system from Millipore®). The electrochemical
measurements were performed at room temperature
(~25°C).

Voltammetric experiments were performed with a
Wenking LB 75 potentiostat and a EG&G Parc 175
wave generator, and the current—potential curves
were recorded with an XY Omnigraphic 2000
Recorder (Houston Instrument). Electrochemical
impedance spectra were recorded using a EG&G
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Fig. 1. First three cyclic voitammograms of titanium electrode pre-
viously heated at 400° C for 15min. Sweep rate: 0.10V s~ Electro-
lyte: 0.5m Na,S0,, pH4.0. Key: (— — —) Ist scan; (——) 2nd scan;
(++++) 3rd scan.

Parc 124 A Lock-in amplifier with a Nicolet 206
digital oscilloscope, linked to a computer by an
RS-232 interface. The sinusoidal signal applied to the
system was generated by a Hewlett Packard 3310B
wave generator, with a constant amplitude of 10mV.

3. Results and discussion

Figure 1 shows cyclic voltammograms recorded with a
potential range of —0.80 and 8.00V at a potential
sweep-rate of 0.10 Vs™! for an oxide thermally grown
at 400° C for 15min. This figure shows that there is a
very small current associated with the passive state of
the electrode up to approximately 3.0V, and above
this potential the current increase continuously.
This type of response contrasts with that observed
at a polished titanium electrode, which shows a
constant current plateau corresponding to the forma-
tion of an anodic oxide film according to the reaction
i1, 2,12]

Ti+2H,0 — TiO, +4H" +4e~ (1)

Titanium is a typical valve metal and its potentio-
dynamic response shows an anodic current that
reaches an almost steady value during the first anodic
potential sweep, according to the high-field mechan-
ism for oxide film growth [13, 14]. The anodic current
increases at potentials higher than 3.0 V due to simul-
taneous oxygen evolution. On the other hand, ther-
mally formed films exhibit much higher currents
above 3.0V than those observed on electrochemically
formed TiO, films [1, 2], although such currents also
corresponds to oxygen evolution. However, the total
anodic current decreases significantly after successive
potential-sweep cycles due to formation of a thicker
and more aged oxide film on the electrode.

To determine the electrical properties of the TiO,
oxides, impedance measurements were performed
between —0.65 and 0.05V. This potential range
corresponds to the region of Mott—Schottky-type
behaviour for these oxides. The frequency range was
between 10Hz and 3kHz. Figure 2 shows Bode
plots, i.e. the variation of the total impedance
(log Z, open circles) and the phase angle (¢, dark
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Fig. 2. Plot of log Z against logw (curve (a)) and of the phase angle
(¢) against logw (curve (b)). (0) Experimental data, ( ) best fit
to.an .RQ series circuit, for TiO, grown at 400° C for 45min. Z is
given in ohms and w in hertz.
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circles) as a logarithmic function of the frequency
(logw, where w=2mf). No equivalent RC series
circuit gave a good fit for the behaviour of this
system. The equivalent circuit giving a better fit was
an RQ series circuit, where Q is a constant phase
angle element. The impedance of the system can
then expressed empirically as

0
Z=R+ o) (2)
where (O, which represents the constant-phase
element, has the dimensions of Qcm? sf(l_o‘), and «
is a dimensionless parameter having a value between
zero and unity [14]. The best fit obtained with the
RQ equivalent circuit is shown in Fig. 2 (for a TiO,
film formed by 45min of heating) and corresponds
to R=741Q, 0=223x10"Qcm?s "%, and
o =0.93.
The formula for a combination of capacitors in
series can be applied to the TiO,/electrolyte system
according to

Chl =Cq' + ¢3! (3)

where C,, is the experimental capacity, Cy the capa-
city of the Helmholtz layer at the oxide-electrolyte
interface and C,, is the capacity of the space-charge
region in the oxide film.

The capacitance values (C,,) obtained assuming an
series RQ circuit were corrected by the Helmholtz
layer capacitance according to Equation 3 assuming
a 20 uF cm™2 value for Cy. The Cg, values were then
subjected to analysis using the Mott—Schottky
equation [15] which correlates the capacity of the
space-charge region of a semiconductor (Cy) with
the applied potential (E):

1 2 kT

C%  ecqNp {E Fio q } @
where Np is the donor concentration for an n-type
semiconductor, Ep, is the flat band potential, ¢ is the
relative permittivity of the oxide, and ¢, is the
vacuum permittivity. It can be demonstrated that
Np and Eg, can be obtained from the slope and the
intercept of an 1/C% against E (Mott—Schottky)
plot, respectively. Figures 3, 4 and 5 show such
Mott—Schottky plots for films formed during heating
periods of 15, 25 and 45min, respectively. For all
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Fig. 3. Mott-Schottky plot for an oxide film obtained by heating
titanium at 400°C for 15min. Frequency: () 1000 (o) 320, (O)
80 and (@) 20Hz.
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Fig. 4. Mott—Schottky plot for an oxide film obtained by heating
titanium at 400°C for 25 min. Frequency: (a) 1000, (o) 320, (1)
80 and (e) 20 Hz.

cases, a strong dispersion of the data arises with
frequency. Similar results have been reported for
passive films on stainless steel [16]. In spite of the fre-
quency dispersion, it is still possible to obtain signifi-
cant values for the semiconducting properties based
on models proposed for different responses.

Dutoit et al. [16] have distinguished two diverse
types of behaviour which are referred to as ‘A-type’
and ‘B-type’, respectively. For ‘A-type’ behaviour,
the Mott—Schottky plots at all frequencies are nearly
parallel (equivalent to the ones in Fig. 3) and the inter-
cepts on the E-axis is shifted toward more negative
potentials with increasing frequency. This type of
behaviour permits Np to be determined but not Eg,.
For ‘B-type’ behaviour, the Mott—Schottky plots con-
verge to a commion point on the potential axis (Fig. 5),
i.e. to a common flat band potential. However, it is
not possible to determine just one Np value.
Recently, Di Paolo [17] has distinguished a third
case, which was called ‘(A + B)-type’ behaviour,
where the slopes of the Mott—Schottky plots, as well
as their intercepts on the potential axis, are frequency
dependent; therefore they yield no information
about Eg, or Np. The Mott—Schottky plots converge
to a common value at low frequencies (generally
below 300 Hz) but become nearly parallel at higher
frequencies.

Oxides obtained by heating Ti for 15min show
parallel Mott-Schottky plots for different fre-
quencies (A-type behaviour) whereas those prepared
by heating for 45min intercept at a common value
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Fig. 5. Mott—Schottky plot for an oxide film obtained by heating
titanium at 400° C for 4Smin. Frequency: (a) 1000 (o) 320, ()
80 and (@) 20 Hz.
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on the potential axis (B-type behaviour). An (A + B)-
type behaviour is exhibited by oxides obtained by
heating for 25 min.

This frequency dispersion behaviour is usually
explained [16—18] in terms of the following: (a) a non-
uniform distribution of donors; (b) the contribution
of surface states to the capacity response; (c) a dielec-
tric relaxation phenomenon; (d) the amorphous
nature of the film, and (e) the presence of extra donor
states.

To compare our results with those reported in the
literature [2] for anodically grown TiO, films, Np
and Ep, values were calculated from the capacity
measurements obtained at 1kHz frequency, using a
value of 40 for the oxide dielectric constant. This
dielectric constant value is similar to those for other
thermal oxide films, and is a reasonable value consid-
ering the fact that thermally grown TiO, is an oxide in
a highly dehydrated state [19]. As discussed above, the
flat-band potential is independent of frequency only
for oxides prepared with heating times above
45min. The thickness of the space-charge region
could be estimated in the range where the capacity
became essentially independent of the potential. At
this stage the thickness of the space-charge region
may coincide with the oxide thickness, § = egy/C.
The calculated parameters obtained at 1kHz are
shown in Table 1. For TiO, films grown potentio-
dynamically up to 1.0V (6 = 3.9nm), the reported
Eq, was of —0.64V vs SCE while the donor concen-
tration was 1.46 x 10® cm™> [2]. The assumed values
for the oxide dielectric constant varied between 50
and 86 taking account of the very high degree of
hydration. This assumption, added to the fact that
the thickness and doping (due to the preparation tech-
nique) are different from those of our thermally grown
films, could explain the lower values found for Np
compared with ours.

To focus the differences in the Mott—Schottky
behaviour, we have analysed the results corre-
sponding to the frequency range 20 to 1000 Hz.
Table 2 shows the dispersion of the Ep and Np
values, which illustrates the behaviour discussed
earlier.

The dispersion in the values of the flat-band poten-
tials in Table 2 for oxides grown for 15 min shows that
it is not possible to determine accurate Eg, values for
this particular oxide. This is consistent with the
‘type A’ behaviour proposed for this oxide. The
same can be said for the ‘type B’ behaviour for oxides
grown for 45 min, for which, in this case, the disper-
sion of the values of Np increase and the values of

Table 1. Parameters derived from Moti—Schottky plots at 1 kHz for
TiO4 thermally grown for various times at 400° C

t/min Ep/V vs MSE Np/10% em™? §/nm
15 —0.86 7.0 2.9
25 —0.66 4.0 3.6
45 —0.60 1.6 4.2

Table 2. Parameters derived from Mott—Schottky plots over a fre-
quency range (20 to 1000 Hz) for thermally formed TiO, films grown
Sfor various times at 400° C

t/min Ep/V vs MSE Np/10% em™3 8/nm
15 —0.45 to —0.86 7.1t0 7.0 2.9
25 —0.54 to —0.66 4.0 to 6.0 3.6
45 —0.55 to —0.60 1.6 to 2.8 42

Ey, decrease. Finally, the extremely high Np values
can be understood as a result of very thin and highly
defective oxide films being thermally grown at
400° C, which should be expected to provide large
photocurrents. Indeed previous results on TiO, films
thermally grown at 500-600°C, which are thicker
than the ones reported here, have shown photo-
current values of about 1mA cm™ [10], Moreover,
high values for donor density (~ 1021““_3) were also
found for 54 nm thick anodic WOj; films [20]. How-
ever, for tungsten oxide films, the authors observed
a noticeable influence of the film thickness on the
donor concentration in the films due to a sharp
decrease in Np with increasing thickness. Therefore,
our results reinforce the well-known influence of the
preparation method on the electrical properties of
oxide films.

4. Conclusions

The cyclic voltammograms of thermally grown oxide
films on metallic titanium substrates at 400°C sug-
gest the formation of very thin TiO, films. The thick-
ness of these films should be equivalent to those of
anodic TiO, films potentiodynamically grown up to
2 to 3V, according to the results in Fig. 1. These
low-thickness values are in agreement with previous
work on TiO, films grown at other temperatures [10]
and indicate that the assumptions made for their
determination are reasonable.

The impedance results show that the concentration
of donor species decreases with the increase of the
heating time (or the thickness of the film) and
the flat-band potential shifts to less negative values.
The decrease of Np with the heating time can be
envisaged as due to a more organized lattice structure
(less defects) for thicker oxides grown longer at
400° C. The preparation time, therefore, should be
taken into account if these materials are to be used
as dimensionally stable anodes or photoanodes, since
the time factor changes their electrical properties.
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