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Electrical conductivity in non-stoichiometric
titanium dioxide at elevated temperatures

U. BALACHANDRAN®, N. G. EROR
Oregon Graduate Center, Beaverton, Oregon 37006, USA

The electrical conductivity of polycrystalline titanium dioxide prepared by a liquid mix techni-
que was measured for the oxygen partial pressure range of 10° to 107'%atm and temperature
range of 850 to 1050° C. The data were found to be proportional to the —1/6 power of oxy-
gen partial pressure for the oxygen pressure range 107'° to 107"°atm, and proportional to Pg!’*
for the oxygen pressure range >10 '®atm. The region of linearity where the electrical conduc-
tivity varied as the —1/4 power of P, increased as the temperature was decreased. There was
evidence of p-type behaviour for Py, > 1072atm in the temperature range 950 to 850°C,
although the measured data were insufficient to assign a pressure dependence. Electrical con-
ductivity minima in the log ¢ against log Py, plot moved to lower P, as the temperature was
decreased in the range 950 to 850° C. The measured oxygen pressure dependence of electrical
conductivity in the lowest P, region supports the oxygen vacancy defect model. The observed
data are consistent with the presence of very small amounts of acceptor impurities. A binding

energy of ~0.67 eV between the acceptor impurity and its compensating oxygen vacancy was

also determined.

1. Introduction
Rutile (TiO,) crystals have a wide range of inter-
esting properties, many of which are associated with
impurities and defects in the structure. Some of the
most intriguing defects are those which are intro-
duced by heating rutile specimens in a reducing atmos-
phere (vacuum, hydrogen, carbon monoxide, titanium
powder). Rutile is'an oxygen-deficit, semiconducting
transition metal oxide at room temperature when
equilibrated in an atmosphere of low oxygen activity,
and is non-conducting at room temperature when
equilibrated in an atmosphere of high oxygen activity.
In the last decade, after the work of Fujishima and
Honda [1], its interest as an anode material in the
photolysis of water increased. Non-stoichiometric
titanium dioxide has already been studied extensively,
but there is no general agreement in the literature
concerning its defect structure. A salient question is
whether oxygen vacancies or titanium interstitials are
the dominant defects [2-13]. Independent of the nature
of the atomic disorder, the electrical conductivity is
due to electrons resulting from the electronic disorder
introduced by the oxygen non-stoichiometry. The
electron is generally believed to travel in a narrow 3d
band with effective mass ~30 m, (where m, is the
free-electron mass); the mobility is governed by polar
scattering at high temperatures and by scattering by
impurities at intermediate temperatures [14, 15].

All of the reported data on the electrical conductiv-
ity (¢) in TiO, suggest that ¢ varies as P, but the
m values are different. Tannhauser [9], Moser et al.

[10] and Baumard er al. [16] found m = 5 at very high
temperatures (1400 to 1500° C) which is in support
of the existence of interstitial titanium, Ti4 . In
contrast, at lower temperatures (1100° C) Tannhauser
[9] and Blumenthal et al. [10] found m ~ 5.3 for
Py, > 10~%atm and m ~ 4 for Py, < 10 %atm, and
Baumard et al. [16] reported m ~ 4.8 for Po, <
10 *atm. More recently, Marucco et al. [12] measured
the electrical conductivity as a function of oxygen
partial pressure in the temperature range 800 to
1100° C and found that the slope of the logo against
log Py, plots change from —1/5 to —1/6 and then
—1/4 as Py, grows. They reported that for low P,
values, TiiT is the predominant defect and as P,
increases oxygen vacancies are produced at first in the
doubly ionized form, V', and then a progressive trans-
ition to singly ionized vacancies, V;. The electrical
conductivity of rutile doped with niobium, tantalum
or chromium is reported [17, 18] in the temperature
range 1000 to 1350° C. In contrast to the situation for
n-type TiO,, information concerning p-type rutile is
quite limited. The first detailed study of the electron
holes in rutile was that of Rudolph [19] who observed
a positive thermopower in his iron-doped sintered
samples. A p—n transition has been observed by Yahia
[11] and Tani and Baumard [18] in acceptor-doped
TiO,.

There are disagreements as to the extent of non-
stoichiometry in rutile. From isopiestic and e.m.f.
measurements Blumenthal and Whitmore [20] con-
cluded that the homogeneity range of TiO,_, at 900 to
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1000° C extends to a value of x ~ 0.01. However,
Anderson and Khan [21] reported a value of 0.008 for
x at 1000°C. Kofstad [6] indicated a value m =2
forx < 10%andm = 6forx > 10 %in x o Paz”’"
for TiO,_, in the temperature range 920 to 1220°C.
Forland {7] suggested an m value independent of x but
varying with temperature from 6.7 at 934°C to 6.0 at
1194°C. In both cases, the non-stoichiometry was
interpreted on the basis of an oxygen vacancy model.
The interpretation of Picard and Gerdanian {4] leads
to doubly ionized oxygen vacancies, V;, at small
deviations from stoichiometry and to interstitial tita-
nium at higher deviations. Both Dirstine and Ross
[22] and Alcock er al. [23] reported m ~ 5 and this
suggests the existence of Ti;, .

The random point defect model is no longer appro-
priate for describing the non-stoichiometric disorder
in rutile when the deviation from stoichiometry is
large (n < 10 for Ti,O,, ). It is now well known that
the region TiO, (1.75 < x < 1.90) contains a series
of ordered phases Ti,O,,_,, with 4 < n < 10 [24].
The structures of the first six of these are derived from
rutile by regular crystallographic shear [24, 25].

In the present study, the high-temperature equi-
librium electrical conductivity of polycrystalline TiO,
has been measured as a function of oxygen partial
pressure in the temperature range 850 to 1050° C. The
change in oxygen pressure dependence of electrical
conductivity has been interpreted on the basis of the
presence of small amounts of acceptor impurities in
the sample, and the predominant defect structures are
identified by matching the observed electrical charac-
teristics to specific defect models. The cation acceptor
impurities and their compensating oxygen vacancies

TABLE I P, dependence of electrical conductivity in the
region 107" to [0~ atm

T(C) m for o, cc PG
850 5.84 + 0.09
900 5.80 + 0.05
950 593 + 0.08
1000 596 + 0.12
1050 5.70 + 0.13

were found to form defect pairs and the binding
energy of the defect complex was determined.

2. Experimental procedure

The samples used in this investigation were prepared
from tetraisopropyl titanate solution (Tyzor, Dupont
Co.). The powder samples obtained by heating the
titanate solution were pressed into thin rectangular
slabs (2.1cm x 0.6cm x 0.05c¢m) under a load of
40 000 psi (276 MPa) and sintered in air at 1350° C for
a period of 10h. The density of the sintered slabs was
96% of the theoretical density. Electrical conductivity
specimens were cut from this slab using a Sandblaster
unit. A conventional four-probe direct current tech-
nique was employed for all electrical conductivity
measurements. The experimental details have been
previously described [26, 27].

3. Results and discussion

The electrical conductivity of polycrystalline titanium
dioxide in the temperature range 850 to 1050° C and in
equilibrium with oxygen partial pressures between
107" and 10°atm is shown in Fig. 1. Two distinct
regions were found from the log ¢ against log Py, plot
for Py, < 10~?atm. The slopes of the straight lines
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Figure 1 The electrical conductivity of polycrystalline TiO, as a function of oxygen partial pressure at constant temperature.
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TABLE 11 P,, dependence of electrical conductivity in the
region 107" to 10~*atm

T(C) m for o, o Pg "
850 3.96 +-0.02
900 394 + 0.02
950 3.94 + 0.05
1000 4.20 + 0.07
1050 4.25 4+ 0.07

drawn through the data points are given in Tables 1
and II. The results show that the electrical conductiv-
ity of TiO, is proportional to ~ —1/6 power of the
oxygen partial pressure for Py, < 107 atm (Table T).
As the Py, value is increased further, the conductivity
is found to be proportional to Pg"* (Table I1). The P,
value where the conductivity changes its dependence
on oxygen activity depends on the equilibrium tem-
perature. p-type conduction is observed at tempera-
tures 850 to 950°C and P, > 10~?atm. The different
regions of Py, dependence for conductivity are dis-
cussed separately in the following text.

3.1. Region I: P, = 107"° to 10" atm
The logo-log P,, data (Fig. 1) are linear for four
decades of oxygen partial pressure for a given tem-
perature. A slope of approximately — 1/6 is found for
the logo-log Py, data (Fig. 2 and Table I). In this
region of temperature and Py, the reported results
in the literature [9, 10, 16] suggest that interstitial
titanium ions are the dominant defect in this non-
stoichiometric oxide. The slope of ~ —1/6 observed in
this region is similar to that found for alkaline earth
titanates [26, 28-34] and in a-Nb,O; [35].

The variation of the electrical conductivity with
oxygen partial pressure is calculated in terms of the
oxygen vacancy defect model. The basis for the cal-

culation is the reaction that represents the formation
of a doubly ionized oxygen vacancy, V', and two
electrons, €', available for conduction by the removal
of an oxygen from a normal lattice site into the gas
phase. The reaction is

0} =10, + V; + 2¢ (1)

With two electrons resulting from each oxygen
vacancy, it follows that [n], the concentration of
electrons,

[n] = 2[Vy] 2

The chemical mass-action expression for Equation 1
combined with Equation 2 yields the following expres-
sion for electrical conductivity, a;

¢ i cnen (3o (528)

where AH; and AS; are the enthalpy and entropy
changes, respectively, associated with Equation 1, e
the electronic charge, and p the mobility of the con-
duction electrons. At constant temperature, assuming
that the mobility is independent of the change in con-
centration of oxygen vacancies, a plot of the logarithm
of the electrical conductivity against the logarithm of
Py, should result in a straight line with a slope of
—1/6. The data in Table I are in good agreement with
the predicted —1/6 dependence for conductivity on
the oxygen partial pressure and in support of the
doubly ionized oxygen vacancy model.

An indication of the magnitude of AH;, the enthalpy
of the oxygen extraction reaction (Equation 1), is
typically obtained from Arrhenius plots of the con-
ductivity, as deduced from Equation 3. This procedure
neglects contributions from the temperature depen-
dences of the carrier mobility or density of states. The
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Figure 2 Temperature dependence of electrical con-
ductivity in the P, region 107" to 10~ *atm



TABLE III Arrhenius slopes for electrical conductivity in the
region 107" to 10~ atm

TABLE IV Arrhenius slopes for electrical conductivity in the
region 107" to 10~°atm

Py, (atm) Arrhenius slopes Py, (atm) Arrhenius slopes

(kcalmol~')* (kcalmol ~!)*
3.16 x 1077 38.69 + 0.37 10-1 47.12 + 1.05
107" 39.56 + 0.36 10— 46.87 + 1.54
3.16 x 107® 39.01 £ 0.50 107" 48.66 + 1.42
107" 39.52 + 041 1o~ 49.05 + 1.04
3.16 x 1077 39.52 + 0.52 101 4945 + 1.06
10-'e 38.33 + 0.49 10-° 49.85 + 1.22
3.16 x 1071 38.19 + 0.33

*{ kealmol™' = 4.187kJmol™".

*1kcalmol™' = 4.187 kI mol !,

calculated slope values (in kcalmol™') from the
Arrhenius plots (see Fig. 2) are given in Table III. An
average value of 1.69¢V (39 kcalmol~' or 163 kJmol ")
is estimated for AH;/3. Tt should be pointed out here
that AH,, should be three times the value given in
Table I, or 5.07eV (117 kcal mol ™' or 490 kJ mol ).

3.2. Region Il: Py, = 107"° to 10 2atm

A slope of ~ —1/4 is found for the log g-log Py, data
(Fig. 3 and Table II). Most of the authors [4, 9, 13]
who found o oc P attributed this relation to the
existence of triply ionized titanium interstitials (Ti}).
Recently, Marucco et al. [12] attributed the —1/4
dependence for conductivity on Py, to singly ionized
oxygen vacancies, V,. These interpretations presup-
pose that the effects of the impurities can be neglected,
but this presupposition does not appear probable at
near-atmospheric pressures. The low oxygen partial
pressure data for non-stoichiometry in titanium dioxide
has been extrapolated [36] to “atmospheric pressure”
at 1100° C. This extrapolation resulted in an estimated

native defect concentration in pure rutile of 10 at %
(10 p.p.m.). Lower temperatures would result in even
less native disorder. This means that extraordinary
purities are required in order for the electrical proper-
ties of TiO, to be free from impurity effects at high
oxygen activities.

The present authors [26, 32, 37] have observed an
extensive range of Py dependence for conductivity
in the oxygen-deficient region below the p~n transition
in SrTiO;, CaTiO, and TiTa,0; and attributed it to
the presence of background acceptor impurities in the
samples. Similar results were obtained by Chan and
co-workers [29, 34, 38] and Inoue and Iguchi [39] in
SrTiO; and BaTiO;. Potential acceptor impurities are
naturally much more abundant than potential donor
elements. We believe that the undoped TiO, sample
used in this investigation also contains some unknown
acceptor impurities. The possible acceptor impurities
are chromium, iron and aluminium on titanium sites.
Considering a single-level acceptor impurity, the con-
dition of charge neutrality will be

[Ia] = 2[Vq'] “
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Figure 3 Temperature dependence of electrical con-
ductivity in the P, region 10~ to 107" atm.
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where I, is the singly ionized acceptor impurity, such
as Al7. With this neutrality condition and the mass-
action expression for Equation 1, the electrical con-
ductivity varies with oxygen partial pressure as shown
below:

1 AS, —AH,
12 —1/4 f {
2 ——f[I;n],/ Po, " ep exp<—2R>exp< SRT >
(%)

The P, dependence of conductivity in this region
(listed in Table II) is in excellent agreement with the
predicted value of — 1/4 by the above impurity model.
The values of AH;/2 derived from the Arrhenius
slopes (see Fig. 3) are shown in Table IV. An average
value of 2.12¢eV (49kcalmol™" or 205kImol™") is
estimated for AH;/2 in this region.

g =

3.3. p-type region

The measured electrical conductivities in the P
region > 10~ 2atm and in the temperature range 950 to
850°C indicate p-type behaviour or oxygen-excess
conductivity. The observed data are not sufficient to
assign an oxygen pressure dependence for the p-type
conductivity. The Py, value where the p-n transition
occurs moves to lower Py as the temperature is
decreased from 950 to 850°C. It was shown in the
perovskite oxides [26, 28-30, 32, 34, 38] that the p-type
conductivity arises from the incorporation of oxygen
into the impurity-related oxygen vacancies where the
reaction is

Vol + 30,=0, + 2h’ ®)

where [p] = h’. The condition of charge ncutrality in
this region is the same as that observed in Region II,

(I ~ 2[Vy'] (4)

The chemical mass-action expression for Equation 6

combined with Equation 4 gives
lle's P(l)/;' N

The + 1/4 dependence for conductivity on Py, will be
observed only if the acceptor content is large enough
to move the p-n transition to lower Py, values
(~107%atm). The +1/4 slope in the logo-log Py,
plots have been observed in alkaline-earth titanates
(26, 28-30, 32, 34, 38] in the Py, region greater than
107> atm. For the present sample, p-type conductivity
at temperatures above 950°C could be observed at
oxygen partial pressures much greater than 1 atm. The
band gap determined from the limited minima data in
the conductivity (3.07¢eV) is consistent with the pub-
lished values (3.0 to 3.2¢eV) [17, 39].

The background acceptor impurity concentration
in the undoped sample was'estimated from the electri-
cal conductivity value at the boundary between the
impurity-insensitive and impurity-controlled regions,
i.e. the break-point between —1/6 and —1/4 slope
in the logo-log Py, plots. The derived apparent net
acceptor concentration from each conductivity iso-
therm is plotted in Fig. 4. There is a decrease in
apparent acceptor content with decreasing tempera-
ture. This temperature dependence indicates that there
is some degree of association between I/, and V; as
shown below:

An + Vo =@, Vo) + I (®)
or
A+ Vo = (I, Vo', I) )

where (I, Vi) and (I, V', I..) represent charged and
neutral defect complexes, respectively, with the defects
electrostatically bound to adjacent lattice sites. The
association expressed in Equation 8 will probably be
the preferred association since trimers have been
shown to be less dominant, even though they are
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electrically neutral, because of entropy effects [40]. If
the acceptors are doubly ionized, I, they may asso-
ciate with the doubly ionized oxygen vacancies to
form neutral vacancy pairs as shown below:

[+ Vo= Th, Vo) (10)

The association of acceptor impurities with the corre-
sponding oxygen vacancies that were created to pre-
serve charge neutrality (Equation 4) can be tested by
measuring the oxygen chemical diffusion coefficient as
a function of acceptor-dopant concentration. Free
oxygen vacancies will enhance the oxygen diffusion
coefficient, while those oxygen vacancies that are
bound to the acceptor impurities will be less effective.

A value of 0.67 + 0.15¢V is obtained for the
enthalpy of association, AH,, from the Arrhenius
plots of the conductivity at the boundary between the
impurity-insensitive and impurity-controlled regions.
This value is not an unrealistic magnitude for the
charged defects such as I;, and V;" on adjacent lattice
sites, when it is recalled that the association enthalpies
for trivalent impurity cations and cation vacancies in
alkali halides are in excess of 1 eV, which is close to the
Coulombic energy [41]. The degree of association can
be significant to quite high temperatures even when
only one of the defects is doubly ionized. It has been
proposed that defect pairs of the type My, V&)
make significant contributions to the diffusion of A"
and Cr’* in NiO up to nearly 1800°C [40, 42].

The impurity content of the sample used for elec-
trical conductivity measurements, as determined by
the emission spectrographic technique, is shown in
Table V. It should be pointed out here that for the case
of undoped BaTiO, prepared by the liquid mix tech-
nique from the tetraisopropyl titanate solution, Chan
and Smyth [29] reported net acceptor impurities of
about 130 p.p.m. The present authors [26] have esti-
mated an accidental acceptor impurity content of
170 p.p.m. in an undoped SrTiQ; sample prepared by
the liquid mix technique. The emission spectrographic
analysis is not inconsistent with these estimates.

4. Conclusions

The experimental results agree well with the predic-
tions based on the doubly ionized oxygen vacancy
defect model (Equation 1) in the Py, range 107" to
10~ atm and the temperature range 850 to 1050°C.

TABLE V Impurity content of sintered TiO, determined by
emission spectrographic technique

Element Concentration Element Concentration
(at p.p.m.) (at p.p.m.)
Ag <1 Pb <5
Al <1 Si 250
B <1 Sn <5
Cd <10 v <5
Co <10 Zn <100
Cr <5 Mg 50
Cu <1 Ca <10
Fe 25 Sr <100
Mn 1 Li <50
Mo <35 Na <75
Ni <25 K < 1000

The logarithm of the electrical conductivity is a linear
function of the logarithm of P, at constant tem-
perature. A slope of —1/6 is observed in this region.
The P,, region in which the doubly ionized oxygen
vacancies are dominant defects become narrow as the
temperature is decreased.

The defect chemistry of undoped TiO, is dominated
by accidental acceptor impurities and their related
oxygen vacancies (Equation 4) for Po, > 10~ atm.
Because of these acceptor impurities, a region in which
the conductivity varies as the — 1/4 power of oxygen
partial pressure is observed. The p-type conductivity
observed in the region Po, > 10" %atm at tempera-
tures 850 to 950° C results from the incorporation of
oxygen into the impurity-related oxygen vacancies
(Equation 6). The net apparent acceptor concentration
decreases with decreasing temperature (see Fig. 4),
indicating some degree of association between the
cation acceptor impurity and its compensating oxygen
vacancy.
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