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The electrical conductivity of polycrystalline strontium titanate with (St/Ti) = 0.996, 0.99, and 0.98
was determined for the oxygen partial pressure range of 10° to 10722 atm and the temperature range of
850-1050°C. These data were found to be similar to that obtained for the sample with ideal cationic
ratio. The observed data were proportional to the —# power of oxygen partial ‘pressure for Py, <
1075 atm, proportional to P51/ for the pressure range 107*~1072% atm, and proportional to P for Py,
> 107* atm. The deviation from the ideal Sr-to-Ti ratio was found to be accommodated by neutral
vacancy pairs, (Vg Vy). The results indicate that the single-phase field of strontium titanate extends
beyond 50.505 mole% TiO, at elevated temperatures.

Introduction

Strontium titanate has technological im-
portance as a dielectric, in the photolysis of
water, as an oxygen sensor, and in magne-
tohydrodynamic (MHD) operations. Also,
in recent years, strontium titanate has at-
tracted much attention, both experimental
and theoretical, due to its many and varied
properties, including superconductivity (/-
3), a second-order structural phase »transi—'
tion (4), and a stress-induced phase transi-
tion (5). The electrical transport properties
of semiconducting n-type SrTiO; were first
investigated by Frederikse et al. (6), who
found a band-type conduction process with
an electron effective mass much greater
than the free-electron mass. The high-tem-
perature electrical conductivity in undoped
SrTiOg4 was investigated recently for an ox-
ygen partial pressure range of 10°-1072% atm
and a temperature range of 750-1050°C
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(7, 8). A theoretical examination of the
electronic energy bands of strontium tita-
nate has been carried out by Kahn and Ley-
endecker (9). Their calculations led to filled
valance bands derived primarily from oxy-
gen 2p orbitals and empty conduction
bands derived predominantly from titanium
3d orbitals. From the optical transmission
studies on single-crystal strontium titanate
which was heated in vacuum, Gandy (10)
determined a band gap of 3.15 eV. Wal-
ters and Grace (/1) examined the electrical
conductivity and Seebeck coefficient of Sr
TiO; in water—hydrogen atmospheres for a
narrow range of oxygen partial pressure
and concluded that an oxygen vacancy de-
fect model was applicable to SrTiOj; at ele-
vated temperatures. The structural analog,
BaTiOg4, has been studied in much detail in
both polycrystalline (/2-17) and single-
crystal (/8) states. The three polycrystal-
line samples of BaTiO; used by Long and
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Blumenthal (14) were found to be 2.1, 4.6,
and 6.0 mole% deficient in BaO by chemi-
cal analysis. They noted no systematic vari-
ation of the equilibrium conductivity among
these samples. A comparison of the sample
with an ideal cationic ratio with one 0.1
mole% deficient in BaO showed no major
differences in the equilibrium conductivity
values (17). Eror and Smyth (/8) have in-
vestigated the electrical conductivity-of sin-
gle-crystal BaTiO4 pulled from a TiOy-rich
melt in order to-lower the solidus tempera-
ture below that of the disruptive hexagonal
to cubic transition. Recently, Chan et al.
(8) studied the defect chemistry of stron-
tium titanate with different Sr/Ti ratios by
means of the high-temperature electrical
conductivity as a function of P,. They con-
cluded that SrTiO; saturates with TiO, at
less than 50.1 mole% and the defects
formed due to the deviation from ideal cat-
ionic ratio are unassociated.

The purpose of the present work was to
make a detailed study of the electrical con-
ductivity in strontium titanate with different
Sr-to-Ti ratios at elevated temperatures
while in equilibrium with the oxygen partial
pressure of the surrounding atmosphere.
The Sr-to-Ti ratios selected were 0.996,
0.99, and 0.98, which correspond to 50.10,
50.251, and 50.505 mole% TiO,. The con-
ductivity data obtained on samples with Sr/
Ti = 1.000 in our previous investigation (7)
are also given.

Experimental

The specimens used in this investigation
were prepared by a liquid mix technique
(7, 19, 20y. The powder samples were
pressed into thin rectangular slabs (2.1 x
0.6 x 0.05 cm) under a load of 40,000 psi
and sintered in air at 1350°C for 12 hr. Elec-
trical conductivity specimens were cut from
the sintered slabs using an airbrasive unit.
The specimens were wrapped with four
0.025-cm platinum wires as described in the
literature (21, 22). Small notches were cut
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in the edges of the sample to aid in holding
the platinum wires in place.

A conventional four-probe direct current
technique was employed for all electrical
conductivity measurements. The four plati-
num leads were insulated from one another
by recrystallized high-purity alumina insu-
lators. A standard taper Pyrex joint to
which capillary tubes had been sealed was
mounted on top of the furnace reaction
tube assembly. The platinum wires exited
through the capillary tubes and were glass-
sealed vacuum tight into the tubes.

The oxygen partial presssures surround-
ing the samples were controlled by flowing
metered mixtures of gases past the sample.
The gases were oxygen, compressed air,

-argon with known amounts of oxygen, and

CO,/CO mixtures. The conductivity was
measured as a function of P, in the temper-
ature range 850-1050°C and was deter-
mined by measuring the voltage across the
potential probes using a high-impedance
(>10! ohms) digital voltmeter (Keithley
191 Digital Multimeter). The current was
supplied between the two outer leads by a
constant-current source (Keithley 225 cur-
rent source). The voltage was measured
with the current in both forward and re-
verse directions, and the conductivity was
calculated from the average values. Current
was varied from 20 uA to 1 mA and no
significant change in conductivity was ob-
served. After each variation of the gas at-
mosphere surrounding the sample, the con-
ductivity was measured as it changed to the
new equilibrium value. The process of
change in conductivity was recorded and
when the conductivity no longer changed, it
was assumed that the state of equilibrium
had been attained. This state proved to be
attainable reversibly from higher or lower
oxygen partial pressures. Changing the ra-
tio of the surface area-to-volume by varying
the size and geometry of the samples pro-
duced no detectable difference in the mea-
sured conductivity, which indicated that
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Fic. 1. The electrical conductivity of Srg g TiO; as a function of P, at constant temperature.

the measured quantity was the bulk con-
ductivity.

Results and Discussion

The electrical conductivity of polycrys-
talline strontium titanate with Sr/Ti
0.996, 0.99, and 0.98 in the temperature
range 850—1050°C and in equilibrium with
oxygen partial pressures between 10° to
10722 atm, is shown in Figs. 1-3. In all the
cases, the electrical conductivity changes
from p to n type as the oxygen partial pres-
sure is decreased. Three regions were ob-
served as the P,, value was decreased at
any given temperature. Figures 4-6 show
the conductivity of SrTiO;, SrpgeeTiOs,
Sr.9oTi05, and -Sry ¢4 TiO; at 900, 950, and
1000°C, respectively.

The log o vs log P, data are linear with a
slope in the range (—1/5.4) to (—1/6.3) in the

P, region less than 107'% atm for the three
samples with excess TiO, (see Table 1). As
the oxygen activity is increased further, the
P, dependence of the conductivity changes
for all the samples and this change in slope
is also observed in strontium titanate with
ideal cationic ratio (7). The new values of
the slopes of log o vs log P, are in the
range (—1/4.2) to (— 1/4.6) for the P, region
of 1075-107% atm. These data are shown in
Table II.

The region of linearity in the p-type re-
gion increases in width with decreasing
temperature as the p-» transition moves to
lower P, . The P, at the conductivity mini-
mum, Pq(min), moves slightly (less than
one decade in oxygen pressure) to the
higher P, values for the samples with Sr/Ti
< 1 as compared with the sample with Sr/Ti
= 1.000 (Figs. 4-6). This is in disagreement
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Fic. 2. The electrical conductivity of Srye,TiO; as a function of P, at constant temperature.

with the prediction of Chan er al. (8) that
the conductivity minimum moves to lower
P,, by two orders of magnitude for each
order of magnitude increase in the extrinsic
V; concentration present as an unassoci-
ated defect in the samples with excess
TiO,. Table I1I gives the oxygen pressure
dependence for conductivity in the p-type
region for the three samples.

Region I: [Pq, < 1075 atm]

The log o vs log P, data (Figs. 1-3) are
linear for as many as five decades of oxygen
partial pressure for a given temperature.
The slopes obtained (=—$}) for the log o vs
log P, plots in this region are similar to
those found for BaTiO; (15-18) and CaTiOjy
(23), as well as the results obtained for
polycrystalline SrTiO3 (7).

TABLE 1

P, DEPENDENCE OF ELECTRICAL CONDUCTIVITY IN Srgg96TiOj, 81 TiO3, AND
Srg.05TiO3 IN THE REGION LESS THAN 1071 atm

T
C) m for o, = Pgl™ in: Srg.006Ti03 Srg e Ti0, Srg.0T10;
850 6.0 5.4 5.9
900 5.8 5.5 6.0
950 6.4 5.5 6.2
1000 6.2 5.5 6.2
1050 6.2 5.7 6.3
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FiG. 3. The electrical conductivity of Sre¢TiO; as a function of P, at constant temperature.
Deviation from the ideal Sy/Ti ratio must 2TiO, == Tig2 + Tiqy + 30, + 072, (3)
be accommodated by point defects (/8). A . . .

Y P US):- A 510, = Tit? + Tigy + 30, + 2¢' + 305,
number of mechanisms can be envisioned @
for the incorporation of excess TiO, into
SrTiO; of ideal composition so as to make TiO, = Tigy + 20, + Vg + Vi, (5

t}}e SI‘/‘TI ratlo' less than unity. The mecha- TiO, + 305 = Tig + 30, + Vi + 2",
nisms include:

(6)
i0., = Tij+¢ -2
Tio, = Tif* + 20, @ The reactions [Egs. (2), (4), and (6)] which
TiO, = Tit + O, + 4¢’, (2) generate electronic defects can be excluded
TABLE II

Py, DEPENDENCE OF ELECTRICAL CONDUCTIVITY IN ST ge6TiOj5, Sr9TiO3, AND
Sr.9sTi03 IN THE REGION 10715-10% atm

T
(\(®) m for o, o« Pgli™ in: Srg.906 1103 Sr.64TiO; Srg.05TiO3
850 4.4 4.4 43
900 42 4.4 4.2
950 4.4 4.4 4.2
1000 4.5 4.6 4.2

1050 4.6 4.4 4.5
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F1G. 4. Electrical conductivity of strontium titanate with Sr/Ti

function of P, at 900°C.

because of the observed lack of the effect of
the Sr/Ti ratio on the electronic conductiv-
ity (Figs. 4—6). Both Tif* and O;? are unfa-
vorable defects in the close-packed
perovskite structure, so Eq. (5), involving
the formation of V§, and Vy, is the most
probable choice. They appear to be the

1.0, 0.996, 0.99, and 0.98 as a

dominant ionic defect in the closely related
BaTiO; (I4, 15, 18) in the oxygen-deficient
region and this is in accord with the electri-
cal conductivity measurements for SrTiOg
(7, 8) which showed that Vj is the preferred
defect for oxygen deficiency in SrTiO,.
The assignment of double effective

TABLE III

P, DEPENDENCE OF ELECTRICAL CONDUCTIVITY IN STy.005Ti03, Sr.eTiO3, AND
Sr;.9g 103 IN THE p-TYPE REGION

T
€0 m for o, « PgIm in: STo.586TiO4 Sr,6TiOs ST,esTiOs
850 4.5 4.4 4.4
900 4.4 43 43
950 4.4 4.4 4.4
1000 4.4 4.8 4.3
1050 4.8 4.8 4.8
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FiG. 5. Electrical conductivity of strontium titanate with Sr/Ti =

function of P, at 950°C.

charges to both kinds of vacancies, Vj; and

n., implies that both donor levels associ-
ated with oxygen vacancies lie above both
acceptor levels associated with strontium
vacancies. This is supported by evidence
that the oxygen vacancies in the similar
compound BaTiOj; are either substantially
(14) or entirely (/8) doubly ionized at tem-
peratures of 800°C and above, and that the
oxygen vacancy levels in SrTiO; are ex-
tremely close to the conduction band (6).

The equilibrium incorporation reaction,
Eq. (5), can be characterized by the mass-
action expression

[Vl [Vil = Ksario,, @

where aqy, is the equilibrium activity of
TiO,.
When oxygen deficiency is also incorpo-

1.0, 0.996, 0.99, and 0.98 as a

rated into such a system by reducing the
oxygen activity in equilibrium with the SrO-
deficient SrTiO;, we should consider

Of =40, + Vi + 2¢’ (8

and

[Vdl [n]? = KgP5}%,

where [n]2=¢’.
It is clear that a substantial built-in SrQ
deficiency will initially exceed the disorder
from the oxygen loss described in Eq. (8).

For this case the electrical neutrality condi-
tion will read

[Vl =~ [Vi] = K¥2alls, . (10)
From Eqs. (9) and (10) we can then obtain

[ [ Ké/2 ] —1/4
n] = | wga— | P¥*
Kyags, | Fo

(€)

an
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FiG. 6. Electrical conductivity of strontium titanate with Sr/Ti = 1.0, 0.996, 0.99, and 0.98 as a

function of Py, at 1000°C.

The data in Figs. 1-3 and Table I indicate
that in the low P, region, the electrical
conductivity varies as the =-—§ power
of oxygen partial pressure, similar to the
value found in strontium titanate with ideal
cationic ratio. This indicates that at low P,
the electrical neutrality condition should be

[n] = 2[V3l (12

to give
[n] ~ (2K)P5}"

—AH,
3RT ) 13
where AH,, is the enthalpy of reaction for
Eq. (8). For Eq. (12) to hold, the oxygen
deficiency must greatly exceed the built-in
SrO deficiency.

= K13P62”6 exp (

Thermogravimetric work (24) indicated a
maximum value of about 4.5 x 1072 forx in
SrTiO;_, when reduction was carried out in
hydrogen (corresponds to the most extreme
conditions used in this study) at 1050°C and
a value of about 1.2 x 10~3 was obtained
when the reduction was carried out at an
oxygen partial pressure value of 10715 atm.
For Eq. (12) to be a valid expression for the
dominant charged defects, no other charged
defect can be present in excess of about 4 x
10~ per cation site (400 ppm atomic). But
for the samples under consideration the
SrO deficiency amounts to 4,000-20,000
ppm. Our experimental results show a slope
of ~—} for the oxygen pressure depen-
dence in the lower P, range and this could
be possible only when the defects related to
the SrO deficiency are associated into neu-
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tral complexes, such as vacancy pairs, to
such an extent that the residual, isolated,
charged defects from this source do not af-
fect the condition of charge neutrality, Eq.
(12), and thus have no influence on the oxy-
gen-deficient defect chemistry. This associ-
ation can be represented as
G+ Vi= (VEV), (14

where the parentheses indicate that the en-
closed species are electrostatically bound
to adjacent lattice sites. It has been re-
ported in the literature (/7, /8) that the de-
fects formed due to excess TiO, in BaTiO4
are associated into neutral vacancy pairs,
(VBa V9).

The mass-action expression for Eq. (14)
gives

(VoA = K= Ko (). 9
where AH,, the enthalpy of association, is a
negative number for this exothermic
process. From Eq. (15) one can estimate
the value of AH, necessary to keep the
concentration of the dissociated vacancies
below, say, the 10-ppm level for the experi-
mental temperature range. Kroger (25) has
reviewed published parameters for defect
association and showed that the entire pre-
exponential term in the association relation-
ships such as Eq. (15), i.e., the entropy
factor, is generally close to unity. With this
assumption, Eq. (15) reduces to AH, =
—18.4RT for Sr/Ti = 0.99 with [V'] = [V3]
= 10 ppm. The calculated values of —AH,
then range from 2.1 eV at 1050°C to 1.78 eV
at 850°C for the sample with Sr/Ti = 0.99.
Similar to the results of Eror and Smyth
(18) for BaO-deficient BaTiO,, it can be
shown that for the case of Sr/Ti = 0.99,
[Vi] = 100 ppm would reduce the absolute
value of the calculated values of AH, by
about 15%. Moreover, the values will be
even smaller if the entropy term favors the
dissociation, which is not unlikely. An asso-
ciation enthalpy of =~2 eV would be ade-
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quate to provide the association required in
the experimental temperature range used in
this investigation. This value is not an unre-
alistic magnitude for doubly charged de-
fects such as Vi, and V;, on adjacent lattice
sites, when it is recalled that the association
enthalpies for divalent impurity cations and
cation vacancies in alkali halides, e.g.,
[Sryxa, Via] in NaCl, are about —0.5 eV
(26, 27), and there is enough evidence to
suggest that AH, for cation and anion va-
cancies in these crystals, e.g., (Via, Vo) In
NaCl, are about —1 eV (26-28). The latter
value is larger than the former because
these defects involve adjacent lattice sites
and is thus the closer analog of the (V,, V{)
complex discussed here. The degree of as-
sociation can be significant to quite high
temperatures even when only one of the de-
fects is doubly ionized. It has been pro-
posed that defect pairs of the type (My; Vi)
make significant contributions to the diffu-
sion of Al*® and Cr*® in NiO up to nearly
1800°C (28-30).

There is no significant increase in con-
ductivity between the samples with differ-
ent Sr-to-Ti ratios. From the known levels
of oxygen and SrO deficiencies in the sam-
ples, this condition of o « P3}/® could not be
achieved without substantial association of
the SrO-deficient defects. Otherwise, reac-
tion (8) could not become the dominant
source of [Vy] at low pressures and the rela-
tionship o & P5l/¢ would not be observed.

Chan et al. (8) observed the minimum in
the conductivity for Sr/Ti = 0.999 and 0.995
samples at similar P, values in the log o vs
log P, plot, and based on this they con-
cluded that the SrTiOj saturates with TiO,
at less than 50.1 mole%. The phase infor-
mation available to date for the SrO-TiO,
system (3/) gives no indication of any solu-
bility for excess TiO, in SrTiO3. The phase
diagram for the structural analog, BaO-
TiO,, shows that there is a definite phase
width for BaTiO4 on the TiO,-rich side and
a single-phase region from the ideal compo-
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sition of BaTiO3 up to about 1 mole% ex-
cess TiO, at 1400°C (32). In disagreement
with the above results, Sharma et al. (33)
reported that the solubility of TiQ, in Ba
TiQ; is <0.1 mole%. The available phase
study in the system SrO-TiO, (31) suggests
that the second phase formed for excess
TiO, in SrTiO, should be TiO,. The pres-
ence of second phase in the polycrystalline
samples should have some effect on trans-
port properties, such as electrical conduc-
tivity or oxygen self-diffusion. In the elec-
trical conductivity studies of samples with
Sr/Ti = 0.996, 0.99, and 0.98, equilibrium
was established as fast as it was obtained in
the sample with ideal cationic ratio. Also, in
the samples with 50.505 mole% TiO, (Sr/Ti
= 0.98) no second phase was observed opti-
cally, by X-ray diffraction, or by laser Ra-
man spectroscopy, a technique which is
more sensitive than the first two. This indi-
cated that for the conditions under which
the present samples were sintered, SrTiO;
did not saturate with TiO, even at 50.505
mole%.

The magnitude of AH,,, the enthalpy of
the oxygen extraction reaction, is obtained
from Arrhenius plots of the conductivity, as

10 T T
Sr.996TiO3

Pg, (in Atm.)

10-21
10-2Q -

10-'9

o (Ohm -cm)”!

=
T

4

10-16

|°-2 1 —d
o7 o8 ] 0s 10
17Tx103 (k)

Fi1G. 7. Temperature dependence of conductivity in
Sry.e96TiO; in the n-type, oxygen-deficient region.

TABLE 1V

ACTIVATION ENTHALPIES FOR CONDUCTION IN
Sro.096 1103, Sr0.9,TiO3, AND Sty 6 TiO; IN THE
REGION LESS THAN 1075 atm

Activation enthalpies (kcal/mole)

P
(at?ﬁ) St4.006TiO4 Srg4eTiO4 St TiO5
102 109.75 109.75 —
10-20 109.75 109.75 115.31
10~ 109.75 112.49 115.31
1078 "115.24 120.73 115.31
10-17 115.24 122.10 115.31
1016 116.60 — 115.23

deduced from Eq. (13). This procedure ne-
glects the contributions from the tempera-
ture dependence of the carrier mobility or
density of states. The values of AH,, calcu-
lated from the slopes of the Arrhenius plots
(see Fig. 7 for the sample with Sr/Ti =
0.996) are listed in Table I'V. Average values
of 4.89 eV (112.72 kcal/mole), 4.98 eV
(114.96 kcal/mole), and 5.0 eV (115.3 kcal/
mole) are obtained for the samples with Sr-
to-Ti ratios of 0.996, 0.99, and 0.98, respec-
tively. An average value of 4.85 eV (111.8
kcal/mole) was obtained for the same P,
region in strontium titanate with ideal cat-
ionic ratio (7).

Region II: [Py, = 1078-10% atm]

A slope of =—1/4.4 was found for the log
o vslog P, data (see Table II). In the same
P, region a slope of ~—% was observed
for the sample with ideal cationic ratio (7).
Daniels and Hardtl (34) reported from their
log o vs log P, plot a slope of ~—}between
700 and 900°C and =—1% at 1200°C for Ba
TiOj; in the Py, range 10718-10-8 atm. They
attributed the —% slope to singly ionized
oxygen vacancies as the cause of conduc-
tance and the —$ value to the more frequent
occurrence of doubly ionized oxygen va-
cancies. However, for SrTiQO,, it has been
shown by earlier investigators (35, 36) that
the oxygen vacancies of the quenched sam-
ples remain doubly ionized down to liquid
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nitrogen temperature. The observed slope
of —%in this region must, therefore, be due
to the presence of an unknown, negatively
charged impurity, i.e., an acceptor impurity
such as Al, Fe, or Cr on Ti sites. For the
case of undoped BaTiQ; prepared by the
same technique as the one used here, Chan
and Smyth (/7) reported a net acceptor im-
purity concentration of about 130 ppm
(atomic). They proposed that all undoped
material (BaTiO;) studied to date had a net
excess of acceptor impurities, and attrib-
uted this to the fact that potential acceptor
elements are naturally much more abundant
than potential donor elements. The present
authors (7) estimated the unknown accep-
tor impurity concentration of about 170
ppm in the strontium titanate sample with
Sr/Ti = 1.0000. Seuter (16) was able to
observe an extensive range of Pyl depen-
dence for conductivity in the oxygen-
deficient region below the p—n transition in
the BaTiO3, presumably because of a
greater acceptor impurity content of his
samples. We believe that the present sam-
ples also contain some unknown acceptor
impurities which are singly ionized. Thus,
the condition of charge neutrality in this
region can be

AVl = [A'], (16)

TABLE V

ACTIVATION ENTHALPIES FOR CONDUCTION IN
Sro9961i03, SrygeTi03, AND St g5TiO3 IN THE
ReGION 107151072 atm

Activation enthalpies (kcal/mole)

P,

(atm)  STo.eeTiOs SroeeTiOs  SrogTiOs
10-15 92.74 97.85 96.03
10-1¢ 90.54 99.69 97.17
10-1 94.20 101.52 97.23
10-12 94.20 104.26 97.17
10-11 93.56 104.72 97.25
10-10 92.37 103.92 98.31
102 93.84 105.63 97.83
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Fic. 8. Temperature dependence of conductivity
minima in SrggeliO;z.

where A’ is the singly ionized acceptor im-
purity, such as Aly. With this neutrality
condition, the electrical conductivity varies
as the —% power of oxygen partial pres-
sure. The observed P, dependence for all
three samples is in agreement with the pre-
dicted value by the above impurity model.
The activation enthalpies of conduction de-
rived from the Arrhenius slopes are shown
in Table V. Average values of 4.04 eV
(93.06 kcal/mole), 4.45 eV (102.5 kcal/
mole), and 4.22 eV (97.28 kcal/mole) are
estimated for the samples with Sr/Ti =
0.996, 0.99 and 0.98, respectively.

Transition Region

Becker and Frederikse (37) showed that
the band gap (extrapolated to zero tempera-
ture) of a semiconductor which exhibits a p-
to-n transition may be determined from the
Arrhenius plots of the conductivity minima.
The log oy, vs 1/T data in Fig. 8 indicate a
value of Eg = 3.34 eV (77.05 kcal/mole) as
the band gap for polycrystalline Sry.g95TiO;5
extrapolated to 0°K. This is in good agree-
ment with the range of 3.2-3.4 eV reported
from optical absorption data (38—-40) on sin-
gle crystalline SrTiO,, and the value of 3.36
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eV (77.54 kcal/mole) observed for polycrys-
talline strontium titanate with ideal Sr-to-Ti
ratio (7). Values of 3.31 eV (76.33 kcal/
mole) and 3.40 eV (78.40 kcal/mole) are
obtained for the band gap at 0°K for
Sty491i03 and Sty TiO; samples, respec-
tively. Assuming band conduction for both
electrons and holes, the full expression for
the Arrbenius plot is

oln o nmin 0

RN~ 8(RT)*
Ey

Ingt, )
X [ Ente el
( 5 + In NN, 5

a7

Assuming that the temperature dependence
of the mobilities is the same for electrons
and holes, and if both N, and N, the den-
sity of states near the conduction and va-
lence band edge, respectively, are propor-
tional to T*32, the mobility and density of
state terms cancel each other, and the Ar-
rhenius slope is directly proportional to E3.

Region III: [Py, > 107* atm]

The conductivity in this region increased
with increasing oxygen partial pressure (see
Figs. 1-3), indicative of p-type, or oxygen-
excess, conductivity. The oxygen pressure
dependence of electrical conductivity (see
Table III) for the three samples is in the
range (1/4.4)-(1/4.8). The activation enthal-
pies of conduction, AH,,, derived from the
Arrhenius slopes are given in Table VI
Values of 1.73 €V (39.9 kcal/mole), 2.3 eV
(53.5 kcal/mole), and 1.86 eV (42.98 kcal/
mole) are typical for the samples with St/Ti
= 0.996, 0.99, and 0.98, respectively.

Stoichiometric excess of oxygen can be
incorporated into strontium titanate by a
favorable process (7, 18). The SrO de-
ficiency makes available systematic oxygen
vacancies which might accommodate a
stoichiometric excess of oxygen according
to

(Vg Vi) + 30, = OF + Ve + K, (18)
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TABLE VI

ACTIVATION ENTHALPIES FOR CONDUCTION IN THE
p-TYPE REGION

Activation enthalpies (kcal/mole)

Po,

(atm) SrogesliOs  SroeeliO;  SroesTiOs
10° 38.96 50.85 41.16
2.1 x 107! — — 42.30
9.78 x 102 39.51 53.41 —_
102 40.24 53.96 43.44
1072 39.63 54.87 44.38
8.45 x 1075 41.16 54.42 43.44
[Vl Ip]

S = KiPl?

(Vi Vo]~ KisFor
—AH
= Ko exp (RE2). 19)
where [p]= k.

(V& V)] can be taken as constant in Eq.
(19) for a given composition. The unassoci-
ated strontium vacancies that result when
the oxygen vacancy in the neutral strontium
vacancy-oxygen vacancy complex is filled
must be singly ionized in order to lead to
the +% oxygen partial pressure dependence
of the electrical conductivity data when Eq.
(19) is combined with the corresponding
charge neutrality condition

[Vsd = [p]. (20)

The combination of Egs. (19) and (20), how-
ever, indicates that [p] and, therefore, the
conductivity in this. region should be pro-
portional to [(Vg V]2 No such variation
in the electrical conductivity has been ob-

served (Figs. 4—-6), which suggests that the

bound V5 related to the SrO deficiency
does not offer the sites for the incorporation
of oxygen atoms, leading to the observed p-
type behavior. If one assumes that the de-
fects formed due to the SrO deficiency are
unassociated, then one would expect the
conductivity in the p-type region to in-
crease as the SrO deficiency increases. This
is because more oxygen atoms can be incor-



CONDUCTIVITY IN STRONTIUM TITANATE

porated into the oxygen vacancies from the
unassociated defects. No such systematic
variation in the absolute values of the con-
ductivity has been observed (see Figs. 4-6)
for the wide range of SrO deficiency intro-
duced into the samples used in the present
study.

The observed p -type behavior, therefore,
is due to the incorporation of oxygen into
the impurity-related oxygen vacancies, and
the reaction is

[Vil + 30, =0¢ + 2. (21)

The charge neutrality condition near the
stoichiometric region is given by [Eq. (16)]

[A'] = 2[Vy].
The chemical mass-action expression for
Eq. (21) combined with Eq. (16) gives

o < Py

(22)

as long as only a minor fraction of the impu-
rity-related Vj is filled. This model fits the
observed oxygen pressure dependence of
conductivity in this region. The trend to-
ward shallower slopes at higher tempera-
tures represents an intrusion of the transi-
tion region leading to the conductivity
minima which are moving toward higher
P,, with increasing temperature. The ready
availability of oxygen vacancies explains
the unusual ease with which the material
accepts a stoichiometric excess of oxygen.
The shift to lower P, values of the conduc-
tivity minimum observed by Chan er al. (8)
for Sr/Ti = 0.999 and 0.995 could be due to
higher concentrations of unknown acceptor
impurities present in those samples as com-
pared with the sample with ideal cationic
ratio. These acceptor impurities will lead to
higher conductivity values, as observed by
Chan et al. (8), in the p-type region. They
have also reported that the conductivity
minimum for the SrO-deficient samples oc-
curred at similar Py, values. It may very
well be that the defects formed due to devi-
ation from ideal cationic ratio are associ-
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ated into neutral vacancy pairs, (V5V5;),
and not because of the saturation of SrTiO;
with TiO,.

The question of the limit of TiO, solubil-
ity in SrTiO; is an interesting one. Smyth
{41) reports that recent results showed the
presence of a second phase, apparently
TiO,, in samples with Sr/Ti = 0.995. As
discussed above, our experimental results
show a significant region of ~—3% oxygen
partial pressure dependence of the electri-
cal conductivity for Py, < 1074 atm, that is
indistinguishable from stoichiometric Sr
TiOy—even for very large excesses of TiO,.
Chan et al. (42) have referred to the extent
of the P3¢ dependence of the electrical
conductivity as a measure of the intrinsic or
impurity-insensitive region for the titanates.
Chan et al. (8), however, reported a
significant difference when excess TiO, was
added to stoichiometric SrTiO,. It is not
clear, however, why their results at high
Py (>10"* atm) were identical for Sr/Ti =
0.9990 and 0.9950, while they differed, ac-
cording to their model, for P, < 10~* atm.
The conductivity profiles of donor-doped
SrTiOj are also confusing. For 498 ppm Nb,
Sr/Ti = 1.0000, they reported a very large
(Po,= 107 atm) oxygen partial pressure
range where the electrical conductivity has
very little dependence upon P,,. We have
found (43), however, for 1000 ppm La, (La
+ Sr)/Ti = 1.000, that only for P, < 10720
atm does the electrical conductivity have
little dependence upon P, and for P, =
107¢ atm the electrical conductivity is pro-
portional to P13, In fact, even for 20,000
ppm (2 at.%) La there is a Pgl® depen-
dence of the electrical conductivity for P,
= 107 atm.

Conclusions

The oxygen pressure dependence of elec-
trical conductivity for the samples with Sr-
to-Ti ratios of 0.996, 0.99, and 0.98 (corre-
sponds to 50.10, 5G.251, and 50.505 mole%
TiO,, respectively) was found to be similar
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to that obtained in strontium titanate with
ideal cation—cation ratio. The absolute
values of the conductivity in all three re-
gions did not change significantly as the St/
Ti ratio was changed. These observations
indicate that defects related to the deviation
from ideal cationic ratio are associated into
neutral vacancy pairs, (V§ V), and this
conclusion is similar to that obtained for the
structural analog, BaTiO,, with excess TiO,
by earlier investigators (I7, 18). The exper-
imental results indicate that doubly ionized
oxygen vacancies are the dominant defect
present at the lowest Py, and temperature
range of 850-1050°C.

For Py, > 107" atm the defect chemistry
of strontium titanate is dominated by acci-
dential acceptor impurities and their related
oxygen vacancies, Eq. (16). Because of
these acceptor impurities, a region in which
the conductivity changes as the =—1/4.4
power of oxygen partial pressure is ob-
served.

The p-type conductivity observed in the
region Pg, > 107 atm is due to fractional
filling of the impurity-related oxygen vacan-
cies, Eq. (21), and the defects present due
to the deviation from ideal cationic ratios
have no significant role in influencing the
observed electrical conductivity. Thus, a
stoichiometric excess of oxygen is achieved
even while not all of the available oxygen
sites are occupied. The ready availability of
oxygen vacancies results in a low enthalpy
for the oxygen incorporation reaction.

The band gap values estimated for the
SrO-deficient strontium titanate samples
were found to be close, within the experi-
mental error, to the value obtained for the
sample with Sr/Ti = 1.0. The defects
formed due to deviation from ideal cationic
ratio have no influence on the intrinsic band
gap of the material.

The results indicate that for the condi-
tions under which the present samples were
sintered, SrTiO; does not saturate with
TiO, even at 50.505 mole%, and this is in
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disagreement with the results of Chan et al.
(8), who predicted that the phase boundary
for single-phase SrTiOj is less than 50.1
mole% Ti0Q,. The effect on the defect chem-
istry of SrTiO; with excess SrO is currently
under investigation.
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