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Mixed electrical conduction in sintered b ¢ ¢

68i203 * SiOz

MASARU MIYAYAMA, YOSHIHIRO SUENAGA, HIROAKI YANAGIDA
Department of Industrial Chemistry, Faculty of Engineering, University of Tokyo,

7-3-1 Hongo, Bunkyo-ku, Tokyo 113, Japan

The electrical behaviour of bcc 6Bi, 05+ Si0, sintered specimens was investigated by
measuring electrical conductivity, ionic transference number, Seebeck coefficient and
cationic composition. The total conductivity, ¢, in the Py, range from 10° to 1077 Pa
showed mixed conduction where electron conductivity was predominant below 107* Pa
and where o, could be expressed by the equation

o, = 0; + 03 (Po,/10° Pa)V'* + a7+ (Po,/10% Pa) 4

where g;, 65 and o} represent the oxygen ionic, hole and electron conductivities, res-
pectively, at a Py, of 10° Pa. The silicon concentration in the specimen was slightly

less than the theoretical value. The cation atomic ratio, Si/Bi (theoretically 1/12), was
estimated as 0.93 ~ 0.95/12. Schottky-type defects of silicon and oxygen vacancies were
proposed to explain a much higher oxygen ionic conductivity in the sintered specimens

than that reported for single crystals.

1. Introduction

Among the four polymorphs of pure Bi, 03, body-
centred cubic (y) form is metastable but can be
stabilized by the addition of small amounts of
dopant oxides to form the sillenite group of
compounds 6Bi,03° MO, [1,2]. The structure
of the sillenite compounds has been determined:
the M cations are tetrahedrally coordinated and
occupy the body-centred sites and the cube
corners, linked by hepta-coordinated bismuth
atoms. This lattice only achieves the perfect struc-
ture where the M cation is tetravalent giving the
general formula 6Bi,03+MO, [3,4]. The bcce
6Bi, 03 Si0,, a typical sillenite compound, is
stable up to 900° C (melting point) [2] and is
known to show strong piezoelectric and electro-
optic effects and high photoconductivity [5—7].
Hence it is expected to be well suited for photo-
graphic and optical wave guide devices.

The electrical conduction of bee 6Bi, 05+ Si0,
single crystal is reported to be p-type electronic at
room temperature and to have very little contri-
bution from oxygen ionic transport at high tem-
peratures [5, 8]. However, the conduction mech-
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anism for sintered or nonstoichiometric bcc
6Bi, 03+ Si0, is not clear. It is of interest in view
of the ionic conduction which is known to be
significant for cubic Bi, O3 solid solutions [9, 10].
In the present study, the electrical conduction
of sintered bce 6Biy 05+ SiO, was investigated by
measuring electrical conductivity as a function of
temperature and oxygen partial pressure (Po,),
and by measuring the ionic transference number,
Seebeck coefficient and cationic composition.

2. Experimental details

The raw materials were Bi, O3 (99.99% pure) and
Si0, (99.99% pure). The powders were mixed
with a molar ratio of 6:1, melted at 1000°C in a
platinum crucible and quenched to room tempera-
ture in air. The quenched sample was subsequently
annealed at 700°C for 2h and furnace-cooled
[11]. Powder X-ray diffraction analysis showed
the single phase to be the cubic § form for the
quenched sample and the bcc v form for the
annealed sample, respectively. The lattice parameter

‘of the bee v form was 1.010 nm, which was in good

agreement with the reported 1.0106 nm [8].
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The samples for the electrical measurements
were made by pressing the bcc form powder into
pellets or rods under a pressure of 52MPa and
sintering in air at 820° C for 2 h. The apparent
density of the sintered specimens was about 86 to
88% of the theoretical value. Preparing sintered
specimens by a conventional method without the
melting stage gave a minor second phase in the
bce form. Polymorphic transformations were
examined by differential thermal analysis.
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Figure I Construction of polarization cell.
1. D.c. constant power supply. 2. Ammeter.
3. Electrolyte. 4. Quartz glass holder. 5.
Gold sputtered electrode. 6. Platinum wire,
7. Alumina tube (50nm diameter). 8.

Alumina rod. 9. Thermocouple (a.c.).
10. Blocking electrode (In metal).
Electrical conductivity measurements were

performed by a four-probe d.c. method using
baked platinum paste as electrodes at constant
temperatures. lonic transference numbers were
determined by a d.c. polarization method. A
sputtered gold cathode was covered with indium
metal as a blocking electrode, and a gold anode
was exposed to air, as shown in Fig. 1. The follow-
ing equation was used to calculate the transference
number f;;



Figure 2 DTA curves for quenched
(a) and annealed (b) 6Bi,0,- SiO,.
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where ¢(0) is the a.c. conductivity at a frequency
of 10kHz and o(*°) is the d.c. conductivity after
polarization. The Seebeck coefficient was measured
at 700° C with two Pt—Pt13%Rh thermocouples
attached to two ends of the specimen. The tem-
perature difference (about 6K) was controlled
using a temperature gradient in the electric furnace.
For the Py dependences of the conductivity and
the Seebeck coefficient, Ar—0, mixed gas was
passed as a carrier gas and stabilized zirconia cells
were used for reducing and monitoring the Po_ .
The experimental set-up is shown elsewhere [12].
Cationic composition in the compound was deter-
mined by atomic absorption spectroscopy of nitric
sample solutions and by spectrophotometry using
colouration of molybdosilicic acid with silicon
[13].

3. Resuits and discussion
Fig. 2 shows the DTA curves for the quenched and
annealed 6Bi,0;+ Si0,. Powder X-ray diffraction

analysis showed that a large exothermic peak at
about 450° C on heating the quenched sample is
attributed to a transformation of the cubic 6 form
to the bcc v form. After cooling from 800° C to
room temperature both samples were single phase
of bee v form. It was not possible to determine
by X-ray analysis the kind of reactions that
occurred at the small exothermic and endothermic
peaks at 670 to 680° C in both samples. However,
it is assumed from conductivity and composition
measurements that a small amount of the § form
exists above the temperature of those small peaks,

Electrical conductivity of bcc 6Bi05° SiO,
against the reciprocal of the absolute temperature
is shown in Fig. 3. Data for a single crystal [8] are
also shown in Fig. 3. The conductivity of the
sintered specimen is higher than that of the single
crystal and shows an abrupt increase above 700° C.
A similar phenomenon was presented for the bee
6Bi, O3+ PbO compound [8]. Probably this abrupt
increase of conductivity would be due to the
highly conductive cubic § form partially trans-
formed from the bce 7y form, as in the case of
6Bi, 05 * PbO.

The dependences of conductivity on oxygen
partial pressure (Pp ) for bee 6Bi03¢ Si0, at
several temperatures are shown in Fig. 4, The Po,
dependence showed a behaviour of mixed con-
duction where the n-type Py, dependence in the
low Pg, region was Pg.*. The contributions of
p-type and n-type electronic conduction increased
with increasing temperature.

Ionic transference numbers measured by the
polarization method are shown in Fig. 5. In the
present study, the applied voltage was controlled
to change the oxygen activity at the blocking elec-
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Figure 3 Electrical conductivity—
temperature characteristics in air for
sintered specimen and single crystal
[8] of bce 6Bi,0, - Si0,.
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Figure 4 Po2 dependence of electrical
conductivity for sintered bec 6Bi, 0, - I ST
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Figure 5 Temperature dependence of
jonic transference number at Pp, of
10%3 (air) to 10%* Pa. Dashed line is
calculated value from Equations 7 to 9.
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trode to give an activity ratio across the specimen
of 1/10 (30 to 43 mV) so that the measured trans-
ference numbers correspond to the average value
for Po, between 10** (air) and about 10> Pa.
The transference number decreased with increasing
temperature, which is a similar tendency to that
expected from the Py ~dependences of the con-
ductivity in the high Py region. After the polariz-
ation measurements, morphological changes in the
specimens were not found; those would be expected
if charge transport by cations occurred.

The Py, dependence of the Seebeck coefficient
at 700° C is shown in Fig. 6. The sign of the See-
beck coefficient changes from plus to minus at
10° Pa, which is very close to the Py at the
minimum of the conductivity shown in Fig. 4.
Therefore, this result proves the change of the
major charge carrier from the positive hole or
oxygen vacancy to the electron with decreasing
Po,. ;

Composition analysis in the sintered specimens
showed that the bismuth concentration was almost
equal to the theoretical value, whereas the silicon
concentration was slightly less than the theoretical
value, The atomic ratio Si/Bi (theoretical value
1/12) was 0.95+0.02/12 from atomic absorption
spectroscopy and 0.93+0.01/12 from spectro-
photometry. These deviations are assumed to be
caused by adsorbed water in the starting SiO,
powder or to imperfect reaction of SiO, with
Bi;O3. When SiO, is left unreacted in the speci-
mens it cannot be detected due to its insolubility
in acid water. Probably, the partial polymorphic

transformation above 680° C shown in Figs. 2 and
3 would arise from this deviation in composition.

Generally, holes and electrons in oxygen ion
conductors are generated by the following defect
equilibriums;

1/20,+Vg = Of +2h )

&)

where Og is an oxygen atom at a normal oxygen
site, Vg is a doubly ionized oxygen vacancy and
h' and ¢’ are a hole and an electron, respectively.
When the concentration of oxygen vacancy is
fixed by a charge compensation for introduced
impurities or a deviation in cationic composition,
such as 2[Vg] = 4[Vg'] for a neutrality con-
dition, the mass action law gives the Po,  depen-
dences of P”4 and P5.'* for hole and electron
conductivity, respectively [14]. Even if holes are
generated according to the following equilibrium:

1/20, = Of +2h 4)

where Of is an interstitial oxygen ion, hole con-
ductivity would show the P§* dependence in the
presence of oxygen vacancies with a fixed concen-
tration [15], since an equilibrium between inter-
stitial oxygen ions and oxygen vacancies must also
be satisfied such that

O

= 1/20, + Vg +2¢

= V5+0f )

The electron conductivity in the bee 6Bi O3+
Si0, was proportional to P/* as shown in Fig. 4.
This indicates the ionic conductivity independent
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Figure 6 Po, dependence of Seebeck coefficient at 700° C for bee 6Bi,0, ¢ Si0,.

of Py, and the hole conductivity proportional to
Pé.’:, and hence total conductivity oy can be

expressed as;
0y = 03+ 03+ (P /10° Pa)'’*
+ 00+ (Po,/10° Pa)™* (6)

where o; is the oxygen ion conductivity and o9
and 62 are the hole and electron conductivity at a
Pg, of 10° Pa, respectively. The oxygen ion, hole
and electron conductivity at a Pg, of 10° Pa,
which are separated from the total conductivity so
as to satisfy the Equation 6, are shown in Fig, 7.
Each conductivity can be expressed as;

0, (Q'em™) =

4.04 x 10 exp [— 135 (kJ mol™")/RT]
o3 (@' em™) =

1.50 x 10° exp [— 185 (kI mol™")/RT] (8)
o Q' em™) =

6.73 x 10°% exp [— 195 (kI mol™)/RT]

@

©)

where R and T have their ordinary meanings. The
ionic transference numbers calculated using the
Equations 7to9ata Py, of 105 Pa are also shown
in Fig. 5. The measured transference numbers are
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in good agreement with the calculated numbers
although the measured values are somewhat
smaller. The polarization method used in the
present study assumes that leakage currents and
electrode-gas conductance are negligibly small
[16]. Actually, those effects cannot be eliminated
perfectly and hence these may cause the lower
value of the measured transference numbers,

The conductivity of the bcc 6Biy03¢ SiO,
single crystal measured in air presented by Kilner
et al, [8] is shown in Fig. 7. It has values and an
activation energy close to the hole conductivity
of the sintered specimens. Kilner et al. also deter-
mined the diffusion coefficient of oxygen using
the 80 tracer diffusion profile in the single crystal.
An estimated oxygen ion conductivity from the
diffusion coefficient was approximately 3 x 107'°
(7' cm™) at 500° C, which is much lower than
that in the present study.

Since Bi** ions (0.111 nm) are too large to be
situated at tetrahedrally coordinated Si*" (0.026
nm) sites [17], it is expected from the deviation
in cation atomic ratio that silicon vacancies are
present in the sintered specimen. Craig and
Stephenson [18] have performed Xray analysis
on the bee compounds of ZnO—Bi, 05 or Fe, 03—
Bi,0; systems and suggested that pentavalent



Figure 7 Temperature dependences
of oxygen ion (oy), hole (o) and

(°C)

1 electron (o) conductivity at Po,
of 10° Pa in sintered bce 6Bi,0, -
Si0,. Dashed line shows electronic
conductivity in single crystal in air
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bismuth ions substitute on the tetrahedral sites
leaving the electron population constant on each
tetrahedral site. However, it is difficult to explain
the much increased oxygen ion conductivity either
by the substitution of Bi** ions at tetrahedral sites
or by oxygen diffusion through grain boundaries.
Furthermore, if the anion sub-lattice is occupied
perfectly, silicon vacancies would dissociate and
generate holes, resulting in an increase of hole
conductivity. Therefore, Schottky-type defects
may be present in the nonstoichiometric speci-
mens and the increased oxygen ion conductivity
would be attributed to the silicon and oxygen ion
vacancies. Probably the dominant neutrality con-
dition for the defect equilibriums is 2{Vg] =
4[Vgi, as expected from the Py~ dependences
of conductivity. The existence of silicon and
oxygen ion vacancies is proposed also in the single
crystals on the basis of optical measurements
[19].

Oxygen partial pressures Po and Pe, at which
the hole and electron conductivity are equal to the
oxygen ion conductivity, respectively, can be
obtained from the Py, dependences of conduc-

tivity. They are expressed as a function of absolute
temperature as;

log (Pe/Pa) = (8.50 x 10*/T) —3.04 (10)

log (Ps/Pa) = (—10.8 x 103/T) + 12.81
(11)

and shown in Fig. 8. Fig. 8 is also a semiquantitat-
ive diagram of dominant conduction mechanisms
in the nonstoichiometric b cc 6Bi,05°Si0, in the
present study.

5. Conclusions

The Po, dependence of electrical conductivity and
Seebeck coefficient and the temperature depend-
ence of ionic transference number showed that
sintered bee 6Bi; 03« Si0, was a mixed conductor,
in which electron conductivity was proportional to
P5/* and predominant below 107" Pa.

The activation energy at a Po, of 105 Pa was
found to be 135, 185 and 191kJmol™? for
oxygen ion, hole and electron conduction, res-
pectively, at 535 to 678° C.

Silicon concentration in the specimen was
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Figure 8 log Pe and log Pe against 1/T for sintered bee 6Bi, 0, + Si0,.

slightly less than the theoretical value, resulting
in cation atomic ratio Si/Bi of 0.93 to 0.95/12
(theoretically 1/12). Schottky-type defects of
silicon and oxygen vacancies were proposed to
explain a much higher oxygen ion conductivity
in the sintered specimen when compared with the
reported value in single crystals.
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