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ABSTRACT 

The electrical conductivity of In~O~-ZrO~ as well as In~O~ solid solutions doped with SnQ, CeO~, Nb2Q, Pr~O~, and 
MgO is investigated, in the temperature range between room temperature and 1300~ and in the oxygen partial pressure 
range between 5 x 10 -8 and 1 arm. In=O~ doped with ZrO2 is an electronic conductor, while ZrO2 doped with In20~ is an 
oxygen-ionic conductor. The two-phase material of the cubic (fcc) ZrO~ + cubic (bcc) In~O~ solid solutions is a 3-dimensional 
composite of ionic and electronic conductors. The single-phase In~O~ doped with ZrO~ is an electronic conductor with a 
conductivity up to 7 • i0 ~ Sm -~ in air. Two maxima in electrical conductivity are found, one in the two-phase region and 
one in the In~O~ single-phase region. Lattice defects responsible for electronic conduction in pure and doped In~O~ are 
discussed. The defect models for In~O~ doped with ZrO2 are proposed, and the Krbger-Vink diagram is constructed. The 
metastable solubility of dopants in In~O~ due to the slow phase separation kinetics influences the electronic conductivity. 
ZrO~ is a most effective donor for increasing electronic conductivity of In~Oa, among hypervalent metal oxides including 
SnO~, Nb~O~, and CeO~. 

The In203-ZrO2 system contains materials with both high 
oxygen-ion-conducting phases and a high electron-con- 
ducting phase, the amount of which can be varied to tailor 
the electrical conductivity for specific applications. ~'~ The 
phase diagram of this system has been revised previously. 4'2 
The system includes the monoclinic, tetragonal, and cubic 
ZrO2 solid solutions and the cubic In203 solid solution. The 
tetragonal- and cubic-ZrQ phases doped with In203 ex- 
hibit high ionic conductivities comparable to Z r Q  doped 
with Y~O~. 2~6 The cubic-ZrO2 phase, with InO~.~ concentra- 
tions less than the cubic-ZrO2 eutectoid composition of 
23.5 mole percent (m/o), transforms to the tetragonal- (t') 
Zr02 phase, ~'2'6-8 which affects ionic conductivity. 2 In the 
two-phase field of the cub ic -ZrQ and the cubic-InzO3, 
electrical conductivities higher than 10 ~ Sm -~ have been 
found at 1000~ ' ZrO2 is a donor to increase electron con- 
centration and electronic conductivity of In203. ~0 In the 
cubic-In203 single-phase region, In20~ doped with ZrO2 ex- 
hibits a high n-type electronic conductivity, 9-~2 similar to 
In20~ doped with SnQ (ITO). SnQ-doped In20~ has been 
widely used as thin films for applications such as transpar- 
ent electrodes, transparent heat reflectors, heterogeneous 
junction solar cells, protective conducting, or antistatic 
coating.~-~ 

In~O~ possesses the C-type rare-earth crystallographic 
structure. Iv This structure can be described as an oxygen- 
deficient fluorite structure, with twice the unit-cell edge of 
the corresponding fluorite cell, and with one quarter of the 
anions orderly missing.~S-~ Therefore, this structure is flex- 
ible in oxygen content, both for oxygen deficiency with 
oxygen vacancies, and for oxygen excess with oxygen inter- 
stitials, ls-~ In~O~ exhibits high oxygen diffusivity via oxy- 
gen vacancy in a reducing atmosphere, and via oxygen in- 
terstitial in an oxidizing atmosphere. ~9'~-~9 The ionic 
conductivity of In~O~ doped with SnOz was reported to be 
0.5 Sm -~ even at temperatures as low as i000 K. ~ There- 
fore doped-In20~ is a mixed ionic-and-electronic conduc- 
tor. Mixed-conducting oxides with high electronic eonduc- 
tivities are potentially interesting materials for electrode 
applications such as solid-oxide fuel-cell cathodes. The use 
of mixed conductors can reduce nonohmic polarization at 
the interface between the electrode and the electrolyte, and 
improves the performance of solid-oxide fuel cells. ~~ 
IneO~ was one of the first materials applied as an air elec- 
trode for solid-oxide fuel cells. ~'~v The sublimation of In~O~ 
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in a reducing atmosphere is reduced by doping with hyper- 
valent metal oxides. 3s 

Mixed-conduction, however, is not the only criterion for 
the electrode material selection. The electrode materials 
should be chemically compatible with the electrolyte, and 
no chemical reaction layer should be formed between the 
electrode and the electrolyte. One criterion for finding 
chemically and thermodynamically compatible cathode 
materials with ZrO~-based electrolytes is to find a ZrOz- 
metal oxide system, where an ion-conducting phase and an 
electron- (or mixed-) conducting phase can coexist. 39 Ide- 
ally, the metal oxide should be one of the stabilizer of the 
cubic-ZrO2 phase with a high ionic conductivity, and ZrO2 
should be an excellent additive to the metal oxide for ob- 
taining a high n- or p-type electronic or mixed conductiv- 
ity. Many rare-earth sesquioxides as well as CaO and MgO 
are stabilizers of the cubic-ZrO2 phase. Oxides with the 
rare-earth structure are In203 and T1203, with a d I~ outer 
electron configuration on the cation, Sc203, Y20~ and many 
of the rare-earth oxides with a d o outer electron configura- 
tion on the cation, u In20~ and Tl20~, posttransition metal 
oxides, differ from the others in that the conduction band is 
a broad ~-type band, which may cause higher electronic 
conductivity than other rare-earth oxides. =~ Therefore the 
system In203-ZrO2 system is a very limited system which 
includes an ion-conducting phase and an electron-con- 
ducting phase able to coexist in thermodynamic equi- 
librium to tailor a chemically compatible electronic con- 
ductor (cathode) with an ionic conductor (electrolyte). 
Thick films of ZrO2-doped In203 have been prepared as 
cathode layers. 2'~3'39'4~ Chemically stable concentration- 
gradient cathode/electrolyte composites consisting of an 
ionic conductor, a mixed-conducting composite, and an 
electronic conductor have been prepared from this system 
by varying only the ratio of ZrO2 and In203. = 

Ionic and electronic conductivities, conduction mechan- 
isms, and lattice defects should be understood, to use the 
In203-ZrO2 system for various electrical, electrochemical, 
and optical applications. Our purpose therefore is to inves- 
tigate electrical conductivity and lattice defect mechan- 
isms in this system as functions of cation composition, tem- 
perature, oxygen partial pressure, as well as a kind of 
dopant. The system is also interesting for studying the ef- 
fect of ionic radius on solubility, phase transformation, and 
defect association in zirconias, I'2'~'~'~'~I-'~ and as hot-coiTo- 
sion resistant thermal barrier coating material, 4~ and as a 
base system for the Ba~In2ZrO8 fast ionic conductor. 45 
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Experimental 
All powders were prepared via wet-chemical  coprecipi-  

tation, except the pure In~O~ powder. In~O~ (In~O~ > 
99.99%, ~ PPM pure metals GmbH, Langelsheim, Germany) 
was dissolved in HC1 solutions, and ZrOCI~-8H~O (puriss, 
>99.0%, Fluka,  Switzerland) as well as SnCI~, Ce(NO~)~, 
NbCI~, MgCI~, Pr(NO~)~ was dissolved in disti l led water. 
The appropr ia te  mixtures of the two solutions were added 
to diluted NH4OH solutions to obtain hydroxide precipi-  
tates. The precipitates were washed with dist i l led water  
and ethanol (puriss, >99.8%, Fluka,  Switzerland),  vacuum- 
filtered, and then calcined at 800~ for 1 h. Fur ther  details 
on powder  prepara t ion  have been reported previously. ~'~ 

The calcined oxide powders  were uniaxial ly  pressed at 
50 MPa into pellets 16 mm in diam and 2 mm in thickness 
for x-ray diffraction (XRD) phase analysis, and into bars of 
dimensions 5 • 1.5 • 55 mm for 4-probe dc conductivity 
measurements. For pure In~O~ specimens, the starting high- 
purity In~O~ powder was directly taken to be pressed into 
the powder compacts. The specimens were sintered at 
150O~ for 1 h, followed by furnace-cooling at a rate of 
10~ Additional specimens with 90 and 95 m/o InO~.~- 
ZrOe were prepared and sintered at 1500~ for 12 and 36 h. 
Densities of all samples were more than 94% of theoretical. 
Special care has been taken to sinter the pure In~O~ speci- 
mens. Two specimens of 1 g were embedded in the same 
high purity IneO, powder of 30 g in an AlzO~ crucible. Other 
specimens were sintered on powders with the correspond- 
ing composition, lying on ZrO~-Y~O~ plates. 

DC electrical conductivity was measured by 4-probe 
method using a microhmmeter (Keithley No. 580).'The dis- 
tance between the inner electrodes was 12 mm. Pt pastes 
(Degussa 308A) and pure Pt wires were used for electrical 
contacts. Electrical conductivity as a function of tempera- 
ture was measured on cooling, from 1300~ to room tem- 
perature. The cooling rate was 4~ 

Isothermal electrical conductivity as a function of oxy- 
gen partial pressure (Po~) was measured in the Po~ range 
between 5 • i0 -~ and i atm, using Q-At gas mixtures, with 
a flow rate of 280 ml/min, at 1300, 1150, and 10OO~ The 
specimens with InO~.~ concentrations of 80, 95, 97.5, 99.5 
m/o and pure InzOs were selected for the study on the Po~ 
dependence. Exact Po~ was determined by measuring the 
electromotive force (EMF) using a ZrO~-CaO tube. In each 
experimental condition, specimens were held at least for 
2 h at 1300~ and for 6 h at 1150 and 1000~ Conductivity 
data were obtained and regarded as in equilibrium with the 
atmosphere, when resistivity changed less than 1% during 
a further I h annealing. All temperatures were measured 
using Pt-10%Rh thermocouples, placed within 1 mm from 
specimens. EMF measurements were carried out to verify 
whether ionic or electronic conductivity is predominate, 
using air on the oxidizing side and Oe-Ar gas mixtures on 
the reducing side, with a Pt-electrode area of 1 cm ~. 

Phase compositions were analyzed by x-ray diffraction 
(XRD, D5O0O, Siemens, Germany), using Cu-K~ radiation 
in the 20 range between 20 and 80 ~ Mierostructures of se- 
lected specimens (60, 70, and 80 m/o InO~.~) were observed 
by scanning electron microscopy (SEM) (JEOL-6400) with 
an accelerating voltage of 27 kV. 

Results 
Electrical conductivity in the In~O~-ZrOe system.--The 

system possesses the monoclinic (m), te t ragonal  (t), and cu- 
bic (c) Z r Q  solid solutions, and the cubic-In~O~ solid solu- 
t ion with the C-type rare-ear th  structure. ~'~ Figure 1 shows 
the electrical conductivity of In~O~-ZrO z as a function of 
InO~.~ concentration at 1000~ The ZrOz solid solution with 
InzO~ is an ionic conductor, and the InzO ~ solid solution 
with ZrO~ is an n-type electronic conductor. Electrical con- 
ductivity up to InO~ ~ concentrations of 45 m/o is of pure 
ionic character, ~ where the addition of IneOz in ZrO~ causes 
the formation of oxygen vacancies 

Impurities detected by optical emission spectroscopy: Sn 8, T14, 
Pb 2, Ni, Cu, Zn,/kg, Cd, Bi < I in ppm. 

inzO Zr~22in~rO + 30~ + V~" [1] 

in the Kr6ger-Vink notation. 47 
In materials  with InOt~ concentrations of 50 m/o and 

higher, the conductivity is predominately of the electronic 
character. The doping of In20~ with ZrO2 causes electronic 
conductivity higher than 104 Sm -~. In air, the maximum 
electrical conductivity was 7.0 • 104 Sm -~, was found at 
99.6 m/o InO~.5 at 1300~ The conductivities higher than 
104 Sm -~ were observed in a wide concentration range from 
70 to 99.5 m/o InOl.~. 

Three maxima in electrical conductivity were found in 
this system at 1000~ (i) at 25 m/o InO~.~ near  the cubic- 
ZrO2 eutectoid composition, (it) at 80 m/o InO~ 5 in the two- 
phase region of the c u b i c - Z r Q  and the cubic-In20~, and 
(iii) at 99.5 m/o InO~.~ in the cubic-In203 single-phase re- 
gion. The origin of the maximum at 25 m/o InOt.~ has been 
discussed elsewhere, z 

Electrical conductivity in the two-phase region: cubic- 
ZrO~ + cubic-In~O~.--In the two-phase region of the cubic- 
ZrOz and the cubic-InzO~, the electrical conductivity in- 
creased abrupt ly  with increasing InO~ concentration from 
50 m/o InO~ ~, as shown in Fig. 1. The electrical conductivity 
at 1000~ reached 4 • 104 Sm -~ at  80 m/o InO~.~. EMF meas- 
urements of the 80 m/o InO1.~-ZrQ with  O~-Ar mixtures 
against  air  revealed that  the ionic transference number  was 
on the order of 10 -4 , indicat ing that  electronic conductivity 
ra ther  than ionic conductivity is predominate  in the two- 
phase material .  

To s tudy the dis tr ibut ion of both phases, microstructural  
observations of 60, 70, and 80 m/o InO~.~-ZrO~, were made 
by SEM. The micrograph of the 80 m/o specimen before 
HC1 etching and the micrographs of the 60, 70, and 80 m/o 
specimens after HC1 etching are shown in Fig. 2a to d, re- 
spectively. The densities of the three specimens were >97 %, 
so that  only a few pores were observed after sintering. After  
HC1 etching for 80 h, the In~O~ phase has been removed 
completely. Therefore, in Fig. 2b to 2d, solids correspond to 
the cub i c -Z rQ  phase, and pores correspond to the removed 
cubic-In~O~ phase. Grain and pore sizes were less than 
1 p~m. One can find that  both the cubic-ZrO~ and the cubic- 
In~O~ phases form 3D networks. Therefore these two-phase 
mater ia ls  are 3D submicron size composites consisting of 
the continuous oxygen-ion-conducting cub i c -Z rQ  phase, 
and the continuous electron-conducting cubic-In~Q phase. 
The abrupt  increase in electrical conductivity of compo- 
sitions with InO~.~ concentrations higher than 45 m/o was 
caused by the 3D connection of the cubic-In~Q phase with 
a high electronic conductivity. The homogeneous distr i-  
but ion of the c u b i c - Z r Q  grains and the cubic-In~Q 
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Fig. 1. Electrical conductivity of Ihe In203-Zr02 system as a function 
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side of the system are token from Ref. 2 and 9. The phase boundaries 
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Fig. 2. SEM microstructure of (a) 80 m/o InO,.5-ZrO2 before HCI etching; and that of (b) 60 m/o; (c) 70 m/o; and (d) 80 m/o InO,.5-ZrO2 
after HCI etching for 80 h. Note that the density of this specimen was more than 97% of theoretical and few pores were observed before HCI 
etching as shown in (a). Note the magnification difference. 

grains was tailored using the coprecipitated In203-ZrQ 
powders, in which all ZrQ was metastably dissolved in the 
In203 crystallites of 30 nm diam after calcination at 
800~ 2'39 During sintering up to 1500~ the cubic-ZrO2 
phase segregated from the cubic-In2Q grains, forming the 
two-phase composites, in case the ZrO2 concentration was 
much higher than 8 m/o. 2 

Electrical conductivity of In203 doped with ZrO2.--Do- 
pant concentration dependence.--The electrical conduc- 
t ivi ty of In2Q doped with ZrO2 was measured as a function 
of dopant  concentration, temperature,  and oxygen par t ia l  
pressures. Figure 3 shows the electrical conductivity of 
In203-ZrQ as a function of InO1.~ concentration >90 m/o, at 
1250, Ii00, and 1000~ The doping with ZrO2 enhanced 
the electrical conductivity of electronic character. The 
highest electrical conductivity in air was found in In203 
doped with 0.5 m/o ZrO2 (99.5 m/o InO1.~), near the thermo- 
dynamic solubility limit of 0.6 m/o, according to the phase 
diagram of this system. 1'2 

The starting powders of In203-ZrO2 were prepared via 
coprecipitation to achieve an initial homogeneous distribu- 
tion of the elements. After this coprecipitation-and-calci- 
nation process, more ZrO2 could be metastably dissolved in 
the cubic-In2Q lattice, than under equilibrium conditions 
at high temperatures. After the calcination of the hydrox- 
ide precipitates, more than 40 m/o ZrO2 could be retained 
in the cubic-In203. 1,2 Even after sintering at 1500~ for i h, 
8 m/o ZrO2 was dissolved metastably in the cubic-In203, 

indicating that the kinetics of phase separation are very 
sluggish. Due to this sluggish phase separation, the ther- 
modynamic equilibrium in IntO3 could be achieved only if 
the specimens were heat-treated for more than 12 h even at 
1500~ I'2 Figure 3 shows that in the ZrQ-supersaturated 
single-phase region and above 1000~ the electrical con- 
ductivity decreased with decreasing InOi.5 concentration 
(i.e., with increasing ZrO2 concentration from 0.5 to 
i0 m/o). A minimum was found at 90 m/o InO1.~, near the 
metastable solubility limit after sintering at 1500~ for i h. 
Further increase in ZrQ concentration led to an increase in 
electrical conductivity to reach a maximum at 80 m/o 
InO1.~-ZrQ, as shown in Fig. I. 

Temperature dependence.--Figure 4 shows the tempera- 
ture dependence of electrical conductivities of 80, 95, 
99.5 m/o InO1.~-ZrQ and pure In203. The electrical conduc- 
tivities were measured on cooling from 1300~ to room 
temperature. The electrical conductivity of pure In203 de- 
creased slightly with increasing temperature up to 800~ 
Above 800~ the electrical conductivity increased with in- 
creasing temperature. The electrical conductivity of 
doped-In2Q was at least 2 orders of magnitude higher than 
that of pure In203 in the whole temperature range between 
1300~ and room temperature. Therefore, the electrical 
conductivity of the doped-In203 is extrinsic, and is intro- 
duced by doping with ZrO2. 

The electrical conductivities of 80 and 99.5 m/o InO1.~ 
exhibited the same temperature dependence. The conduc- 
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Fig. 3. Electrical conductivity of ZrO2-1n01. 5 with InO~.~ concentra- 
tions above 90 m/o, at 1250, 1100, and 1000~ 

tivities were almost independent of temperature from room 
temperature to 600~ increased above 600~ with increas- 
ing temperature, and became less dependent on tempera- 
ture around 1300~ The electrical conductivity of 95 m/o 
InO~.5 remained constant in the whole temperature range. 

Oxygen partial pressure dependence.--The specimens of 
80, 95, 97.5, 99.5 m/o InO~.5-ZrO2 and pure In203 were se- 
lected to measure the Po2 dependence of electrical conduc- 
tivity. Figure 5 shows electrical conductivities of (a) pure 
In20~ at 1300, 1150, and 1000~ and (b) ZrQ-doped In~O~ 
at 1300 and 1000~ The slopes of log ~ vs. log Po~ are calcu- 
lated and compiled in Table I. In a reducing atmosphere, 
the doped-In20~ exhibited higher electrical conductivity 
than in air. At the oxygen partial  pressure of 5 • 10 -5 atm, 
the highest electrical conductivity of 1.1 • 105 Sm -~ was 
found in 80 m/o InO~.5-ZrQ at 1300~ 

Pure In203 possessed a Po~ dependence of the exact - 1/6 
power law, in a reducing atmosphere of the Po2 range from 
5 • 10 5 to 0.01 atm. In the Po~ range above 0.01, the con- 
ductivity became less dependent on Pov In 80, 97.5, and 
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Fig. 4. The temperature dependence of the electrical conductivity of 
pure In203, and 80, 95, and 99.5 m/o InOl.s-Zr02, measured from 
1300~ to room temperature. 

99.5 m/o InOLs-ZrO2, a Po2 dependence of the -1 /8  power 
law was found, in the Po2 range between 0.21 and 1 atm at 
1000~ However, with increasing temperature from 1000 
to 1300~ and/or with decreasing Po2 below 0.21, the con- 
ductivity became less dependent on Po~- In 95 m/o InOz.5- 
ZrO2, the conductivity was independent of Po2 at 1000~ 
With increasing temperature from 1000 to 1300~ however, 
it exhibited a Po2 dependence, contrary to the 80 and 99.5 
InO1.5-ZrO2 samples. 

Electrical conductivity of In203 doped with various ox- 
ides.--Besides In203-ZrO2 materials, In203 powders doped 
with SnO2, CeO2, Nb2Os, Pr5Olz, as well as MgO were pre- 
pared via the coprecipitation process, with cation concen- 
trations of 5 and 20 m/o. Table II shows the phase composi- 
tions of the powders after calcination at 800~ for 1 h, and 
those after sintering at 1500~ for 1 h. The metastable su- 
persaturation of dopants in starting powders frequently 
was observed after the coprecipitation-and-calcination 
process. After the sintering, the 5 m/o oxide containing 
specimens with SnO2, Nb2Os, Pr6Ol~ as well as ZrO2 con- 
sisted of the cubic-In203 phase only. The sintered specimens 
with CeO2 and MgO included a small amount of second 
phases. After 20 m/o oxide addition, all sintered specimens, 
except that with SnO2, were two-phase materials. 

In Fig. 6, the electrical conductivities of In203 with (a) 5 
and (b) 20 m/o addition of these oxides are shown. The 
additions of SnO2, ZrO2, Nb2Os, and CeO2 increased the 
electrical conductivity. In the 5 m/o addition, ZrQ-doped  
In20~, even supersaturated in ZrO2, exhibited an electrical 
conductivity comparable to SnO2-doped In203. Among the 
20 m/o added materials, the ZrO2-containing specimen ex- 
hibited the highest electrical conductivity above 600~ A 
high concentration of acceptor cations, such as MgO, led to 
a highly resistive n-type conductor. 4~ ZrO2 is a most effec- 
tive donor for increasing electronic conductivity of In203. 

Discussion 
Lattice defect reactions in pure and doped In203.--Lat- 

tice defect reactions taken into account are compiled in 
Table III. 2'38'48-51 The specific Po2 regions I, II, III, and IV are 
defined as Po2 (region I) < Po2 (region II) < Po2 (region III)< 
Po2 (region IV). The subscripts D and A indicate the tetrava- 
lent metal oxide (donor) doping and the divalent metal ox- 
ide (acceptor) doping, respectively. The regions IIID, IIID, 
III~, and III~ are specified by the degree of defect associa- 
tion. The Po~ dependences of electronic conductivity are 
derived for each defect mechanism based on the mass-ac- 
tion, mass-conservation, and electroneutrality conditions 
as described in Table III. According to the earlier stud- 
ies, 49'5I the direct band- to-band transition mechanism and 
the mechanisms involving cation vacancies and cation in- 
terstitials are excluded as predominant mechanisms for 
electronic conduction in further discussion. 

In the simple nonassociated defect model, where two 
ionic defects (oxygen vacancies and oxygen interstitials) 
and two electronic defects (electrons and holes) are in- 
volved, the lattice defect reactions in In20~ may be de- 
scribed based on the following three primary reactions ~gm 

O~ Kv> V~" + 2e' + 1/2 O2(g) [2] 

o~ <K~ Vo" + 0 7  [3] 

null  5B> e' + h" [4] 

The model can be expanded to include defect association 
reactions such as 

(2Zr~" - O1') • K�89 2Zr~ + O~" [5] 

The relations among the equilibrium concentrations of de- 
fects are obtained with equilibrium constants defined as ~9'35 

Kv = [Vo'] - n ~ ~u2 __ Kv 0 . exp (-AEv/kT) [6] �9 F O 2  

K~ = [Vo'] �9 [O;'] = K ~ �9 exp (-AEF/kT) [7] 
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80, 95, 97.5, and 99.5 m/o  InOLs-Zr02, at 1300 and 1000~ 

KB = n �9 p = Nc - N~ �9 exp  ( - A E B / k T )  [81 

/CA = [(2Zri,  - O;') • 1. ]Zr~n]2 

�9 [O('] = K ~  exp  ( - A E ~ k T )  [9] 

w h e r e  AEv, hEr ,  a n d  AEB are  t he  f o r m a t i o n  energ ies  of a n  
ion ized  oxygen  v a c a n c y  a n d  two  f ree -e lec t rons  b y  p a r t i a l  
r educ t ion ,  a n  oxygen  F r e n k e l  p a i r  a n d  a n  e l ec t ron -ho l e  
pair ,  (bandgap) ,  respect ively,  a n d  AEA is the  d i s soc ia t ion  
ene rgy  of the  (2Zr;~ �9 O~') • associate �9  

Neg lec t ing  t he  ca t ion  v a c a n c i e s  a n d  c a t i o n  in te r s t i t i a l s ,  
t h e  overa l l  e l e c t r o n e u t r a l i t y  c o n d i t i o n  is g iven  b y  

[Zr~] + 2[Vo'] + p = 2[O;'] + n [10] 

F o r  mos t  c o n d i t i o n s  of doping ,  t e m p e r a t u r e ,  a n d  oxygen  
p a r t i a l  p ressure ,  one  pos i t ive ly  c h a r g e d  species  a n d  one  
n e g a t i v e l y  c h a r g e d  species  p r e d o m i n a t e ,  35 a n d  the  overa l l  
e l e c t r o n e u t r a l i t y  c o n d i t i o n  c a n  be  s impl i f i ed  in  speci f ic  
condi t ions �9  

In  mode l s  i nvo lv ing  defect  a s soc i a t i on  reac t ions ,  t he  con-  
s e r v a t i o n  c o n d i t i o n  of t he  t o t a l  c o n c e n t r a t i o n  of z i r c o n i u m  
ar i ses  such  as 

Czro2 = [Zr~] + 2[(2Zr; ,  - O;') • [11] 

In  c o n s i d e r a b l y  r e d u c i n g  a t m o s p h e r e  or  in  p u r e  In203 (re- 
g ion  I), t he  overa l l  e l e c t r o n e u t r a l i t y  c o n d i t i o n  is r e d u c e d  to 
2[Vo'] = n a n d  the  o t h e r  defec ts  a re  negl ig ib le .  The  t o t a l  
defec t  r e a c t i o n  c a n  he  de sc r ibed  as 

TB203 <---> 2In~  + 3V~" + 6e '  + 3/2 Q ( g )  [12] 

The  e l e c t r o n e u t r a l i t y  c o n d i t i o n  a n d  Eq.  6 yie ld  

~ cc n = (2Kv~ ~/3- exp  ( - h E v / 3 k T ) -  po~/6 [13] 

The  e lec t ron ic  c o n d u c t i v i t y  d e p e n d s  on  po~ '/s due  to t he  pa r -  
t ia l  r e d u c t i o n  of In203 f o r m i n g  oxygen  vacanc i e s  a n d  f ree-  
e lec t rons ,  u n d e r  t he  c o n d i t i o n  t h a t  t he  m o b i l i t y  of e lec t rons  
r e m a i n s  cons t an t .  

In203 possesses  t he  C- type  r a r e - e a r t h  s t ruc tu re ,  w h i c h  is 
t o l e r a n t  for  r e t a i n i n g  oxygen  v a c a n c i e s  or  oxygen  i n t e r s t i -  
t ia l s  as m e n t i o n e d  in  the  b e g i n n i n g  of t he  papel :  If ZrO2 is 
d i sso lved  in  t he  In203 la t t ice ,  oxygen  i n t e r s t i t i a l s  cou ld  be  
i n t r o d u c e d  to m a i n t a i n  c h a r g e  neut ra l i ty .  A t  a t m o s p h e r i c  
oxygen  p a r t i a l  p ressure ,  oxygen  i n t e r s t i t i a l s  a re  r e spons i -  
b le  for  oxygen  d i f fus ion  in  In203 w i t h  1 m / o  ZrO2 as a n  

i m p u r i t y )  a The  oxygen  i n t e r s t i t i a l  f o r m a t i o n  was  con-  
f i r m e d  in  SnO2-doped  In203.3s In  ZrO2-doped  In203, t he  
t o t a l  defect  r e a c t i o n  m a y  be  desc r ibed  as 

I n 2 0 3  ~ 
2Zr02 > z~r~ + 3 0~ + 0(" 

0;'  <---> 2e '  + 1/2 O2(g) [14] 

In  m o d e r a t e l y  r e d u c i n g  cond i t i ons  (region IID), w h e r e  n >> 
2 [O;'], m o s t  of oxygen  i n t e r s t i t i a l s  are  r e d u c e d  l eav ing  elec-  
t rons .  The  e l e c t r o n e u t r a l i t y  c o n d i t i o n  is [Zr~] = n. The  t o t a l  
defect  r e a c t i o n  14 can  b e  s impl i f i ed  to 

In203 
2ZrOz ~ 2Zr~  + 3 0~  + 2e '  + 1/2 02(g) [15] 

In  the  n o n a s s o c i a t e d  case , t he  e lec t ron ic  c o n d u c t i v i t y  c an  
b e  de sc r ibed  as 

ere ~ n = [Zr~] = Czro2 [16] 

The  e lec t ron ic  c o n d u c t i v i t y  r e m a i n s  c o n s t a n t  w i t h  t e m p e r -  
a t u r e  a n d  oxygen  p a r t i a l  p ressure .  The  free  (mobile)  e lec-  
t r o n  c o n c e n t r a t i o n  is i den t i ca l  to  t he  doped  ZrO2 concen-  
t r a t ion .  

In ox id iz ing  a t m o s p h e r e  (region IIID), w h e r e  2[0('] >> n, 
t h e  e lec t ron ic  c o n d u c t i v i t y  m a y  be  a t t r i b u t e d  to the  r e d u c -  
t i on  of i so la t ed  oxygen  in te r s t i t i a l s .  The  overa l l  e l ec t roneu -  
trality condition is simplified to [Zrl.] = 2[O~"]. In In20~ 
doped with a hypervalent metal oxide, the oxygen vacancy 
concentration is much lower than the oxygen interstitial 
concentration, as expected from Eq. 3 and 14. The elec- 
troneutrality condition and Eq. 6 and 7 yield 

a~ ~ n = ( K ~ / K ~  1/2 . ([Zr~]/2) lj2 

�9 exp  ( - (AEv  - h E r ) / 2 k T ) ,  po~/4 [17] 

w h e r e  [Zr~] = CZrO2 in  t he  n o n a s s o e i a t e d  ease�9 The  e lec t ron ic  
c o n d u c t i v i t y  e x h i b i t s  the  Po~ d e p e n d e n c e  of t he  - 1/4 p o w e r  
law. 

If  t he  defec t  a s soc ia t ion  is no t  neg l ig ib le  ( region III~), t he  
defect  r eac t ions  i nvo lv ing  r e a c t i o n  5 a re  de sc r ibed  as 

In203 
2ZRO2 ----> ( 2 Z r ~ .  O(') • + 3 O~ 

(2Zr~= �9 O~") • +-) 2Zr[,  + 2e" + 1/2 O2(g) [18] 
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Table I. Oxygen partial pressure dependence of electrical conductivity of pure and ZrOfdoped IngOt. 

Po, dependence (Slope log a vs. log p%) 

80 m/o InO~ ~- 95 m/o InO~.~- 97.5 m/o InO~.~- 99.5 m/o InO~ ~- 
Temperature Po, range 20%ZrOz 5% ZrO~ 2.5% ZrQ 0.5% ZrQ 

(~ (atm) (two phase) (supersaturated) (single phase) (single phase) Pure In~O~ 

1300 0.21-1 -1/11.3 -1/10.1 -1/10.4 -1/21 -1/9.1 
5 X 10 -~ - 0.21 -1/15.8 -1/14.5 -1/14.5 -1/67 -1/6.7 

(5 X 10 -~ - 0.01) (-1/6.4) 
1150 0.21-1 . . . . .  1/6.8 

5 X 10 ~ - 0.21 . . . . .  1/6.6 
(5 X 10 -~ - 0.01) (-1/6.0) 

1000 0.21-1 - 1/8.5 - 1/24 - 1/7.9 - 1/7.7 - 1/6.0 
5 x 10 ~ - 0.21 -1/11.3 -1/65 -1/16.4 -1/13.7 -1/7.4 

(5 x 10 -~ - 0.01) (-1/6.0) 

Table II. Phase composition after calcination and sintering of ln~O~ doped with various oxides. 

After calcination at 80O~ for 1 h 

95 m/o InO1.~-5% MO= 80 m/o InO~.~-2O% MO= 

After sintering at 1500~ for 1 h 

95 m/o InOL~-5% MO= 80 m/o InOLs-20% MO= 

Zr02 bcc-ln203 bcc-In20~ bcc-ln203 
SnO~ bcc-In20~ bcc-In~O~ bec-~-'1203 
Ce02 bcc-ln20~ + fce-CeO2 bce-In~O~ + fcc-Ce02 b c c - I n 2 0  ~ + f c c - C e 0 2  
Nb205 bcc-In20~ bcc-In~Q + m-InNbO~ bcc-In~O~ 
Pr~01~ bcc-ln20~ bce-In~O~ bcc-ln20~ 
MgO bcc-In~O~ bcc-In~O~ b c c - I n 2 0  ~ + fcc-IneMgO~ 

bec-In203 + fcc-ZrO2 
bec-In203 
bcc-In203 + fee-CeO2 
bcc-In2Q + m-InNbO4 
bcc-In20~ + o-PrInO 3 
bcc-In2Q + fcc-In2MgO4 

The mass conservat ion  condi t ion  of z i rcon ium (Eq. 11) and 
the  defect  associa t ion react ion (Eq. 5) should  be  t aken  into 
account  also. In  the  ful ly  associa ted case 2[(2Zr[~ �9 O;') • >> 
[Zr[j ,  Eq.  11 is reduced  to CZrO2 = 2[(2Zr[~ - O~")• This mass-  
conservat ion  condit ion,  the e lec t roneut ra l i ty  condi t ion  
[Zr~] = n expec ted  f rom Eq. 18, and  the Eq. 6, 7, and 9 give 

(~e OC n = ( K  0 .  K~/K~) u4 . (Czro2/2) u4 

�9 exp ( - ( h E y  - AEF + AEA)/4kT) .  po~/~ [19] 

Therefore  the e lectronic  conduct iv i ty  exhibi ts  a - 1 / 8  
power  dependence  on Po~ under  the  condi t ion  tha t  the  mo-  
bi l i ty  remains  constant .  With decreas ing oxygen  par t ia l  
pressure,  the oxygen  inters t i t ia ls  in the  neu t ra l  associates 
are  reduced  and the e lectron concent ra t ion  becomes  n = 
Czro2, as in the  modera te ly  reduc ing  condi t ion  ment ioned  
before  (region IID). 

The law of mass act ion may  not  be val id  in heavi ly  doped 
mater ia l s  (region III~), when  the  dopan t  concen t ra t ion  is 
much  h igher  than  1 m / o ?  2'~3 In h ighly  SnO2-doped In203 
films, the e lectronic  conduc t iv i ty  and the e lectron mobi l i ty  
decrease due to the  fo rmat ion  of associa ted defect  com-  
plexes,  ~8 and  the  t in  donor  ions become neut ra l ized  forming  
SnO2 or Sn30~ clusters in In203 grains. 2~ One example  
of possible defect  associat ions in ZrO2-doped In203 is 
shown in Table III. 

Electronic conduct ion mechanisms.  Pure In203.--The 
slope of - 1/6 in the  log a vs. log Pm plot  was observed  in the  
reduc ing  a tmosphere  in the  pure  In203. This Po2 dependence  
corresponds to the  par t i a l  r educ t ion  of In203 forming  oxy-  
gen vacancies ,  consis tent  w i th  the  ear l ier  s tudies?  8'49 The 
meehan isms  wi th  oxygen  inters t i t ia ls  and ind ium vacan-  
cies are exc luded  in pure  In203, since they  should cause a 
posi t ive  Po2 dependence,  as descr ibed in Table III. The 
mechan i sm wi th  ind ium in ters t i t ia l  may  be exc luded  be-  
cause the  Po2 dependence  of the - 3 / 1 6  power  l aw was not  
observed,  consis tent  wi th  the  ear l ier  studies. 48'~9 

The e lect r ica l  conduc t iv i ty  of e lectronic  charac te r  in-  
creased wi th  increas ing t empera tu re  above 800~ The Po2 
dependence  s tudy has revea led  tha t  the e lectronic  conduc-  
t iv i ty  is de te rmined  by" the  par t i a l  r educ t ion  of In203 at 
100O and 1300~ Using the e lect r ica l  conduc t iv i ty  da ta  at 
and  be low 0.01 a tm  in Fig. 5a, the  ac t iva t ion  energy def ined 
by o- = ~0 - exp ( - A E / k T )  was ca lcu la ted  to be  AE = 1.47 _+ 
0.03 eV, consis tent  wi th  tha t  of the ear l ier  s tudies?  ~'56 Con- 
sequently, the  ac t iva t ion  energy of this defect  react ion de-  

f ined by Eq. 5 was ca lcula ted  to be  AEv = 4.41 eV above 
1O00~ 

Below 800~ the  pure  In203 exh ib i ted  a conduc t iv i ty  of 
meta l l ic  character,  tha t  is, the  electronic  conduct iv i ty  de-  
creases gradua l ly  wi th  increas ing temperature �9  This meta l r  
l ic behav ior  has been  observed previous ly  in pure  In203. ~1'~7 
The electr ical  conduct iv i t ies  in Fig. 3 and 4 were  measured  
on cool ing at a ra te  of 4~ At  lower  tempera tures ,  a 
h igh t empera tu re  state is f rozen and the e lectr ical  conduc-  
t iv i ty  da ta  are  not  necessar i ly  the same as those in equi-  
l ibr ium. The electr ical  conduc t iv i ty  da ta  measured  on cool- 
ing differed f rom those in equ i l ib r ium even at 1000~ in 
95 m/o  Inl.5-ZrO2 and pure  In203, shown in Fig. 5a and b. b 
At  far  lower  tempera tures ,  l i t t le  change in e lectr ical  con-  
duct iv i ty  was observed by vary ing  oxygen  par t ia l  pressure,  
ind ica t ing  tha t  no exchange  of oxygen occurred be tween  
the  specimens and the  a tmosphere .  In  this  s i tuat ion,  the  
e lectronic  conduct iv i ty  may  be de te rmined  by the mobi l i ty  
change (metallic) or  the  ac t iva t ion  of donors  (semiconduct-  
ing) ra ther  t han  the defect  equi l ibr ia  w i th  the  atmosphere.  

Single-phase region . - -S ince  the  e lectr ical  conduc t iv i ty  
is extr ins ic  in ZrO2-doped In2Q, the increased electr ical  
conduc t iv i ty  in doped specimens cannot  be exp la ined  by 
the  par t ia l  reduct ion  of In203. Further,  the  doping of In203 
wi th  hyperva len t  me ta l  oxides should depress the  oxygen  
vacancy  concent ra t ion  in In203, as expected  f rom Eq. 14. 
Therefore,  the f ree-e lec t ron  concen t ra t ion  in t roduced  by 
the par t ia l  reduct ion  should be decreased by doping wi th  
ZrO2, wh ich  results  in a decrease in e lectronic  conductivity,  
contrary to the experimental results. To elucidate possible 
defect models, the oxygen partial pressure dependence of 
the electronic conductivity should be examined. 

The slope of - 1/8 in the log ~ vs. log Po2 plot was found 
in 80, 97.5, and 99.5 m/o InO1.~-ZrO2 in the oxidizing atmos- 
phere at 1O00~ This Po2 dependence corresponds to the 
mechanism with oxygen interstitial-dopant cation (neu- 
tral) pairs, as described in the previous Section as well as in 
Table III. The slopes were - 1/8.5, - 1/7.9, and - 1/7.7 in the 
80, 97.5, and 99.5 m/o InO~.~ specimens, respectively, at 
1000~ in the Pm range between 0.21 and 1 atm, as shown 
in Table I. With decreasing P02 to 5 • 10 -5 and/or with 

b For both specimens, much longer time (>24 h) was needed for 
equilibration, suggesting slow oxygen diffusion kinetics compared 
with those in the 80, 97.5, and 99.5 m/o specimens. The oxygen 
vacancy concentration is very low in the oxidizing atmosphere in 
pure InzO3, and the oxygen interstitials may be tightly bound form- 
ing complexes in the heavily doped 95 m/o InOi.5-ZrOz, as men- 
tioned later, both leading to low oxygen diffusivity. 
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metal oxides, ZrO2, SnO2, NbOzs, CeO2, Pr6Ou, as well as MgO. 

increasing temperature up to 1300~ the electrical conduc- 
tivity became less dependent on Po~ than the -1 /8  power 
law, as shown in Fig. 5b. This transit ion can be explained 
assuming a transit ion occurs from the oxygen interstit ial- 
dopant cation pair mechanism to the simple donor doping 
mechanism, where oxygen interstitials become reduced 
and the doped-In203 loses oxygen. The decrease in weight 
of In203 due to oxygen loss has been observed with increas- 
ing temperature above 900~ 6 

The conclusion, that the transition occurs from the oxy- 
gen interst i t ial-dopant cation pair mechanism at 1000~ to 
the simple donor doping mechanism at 1300~ in the oxi- 
dizing atmosphere, is consistent with the temperature de- 
pendence of the both samples in Fig. 4. The conductivity 
became less dependent on temperature around 1300~ with 
increasing temperature�9 Both Po2 and temperature depen- 
dences indicate that the equilibrium of the reversible reac- 
tion of Eq. 18 shifts to the right side either exponentially 
with increasing temperature or by the -1 /8  power depen- 
dence with decreasing oxygen partial  pressure, expected 
from Eq. 19. 

The Po2 dependence of the - 1/4 power law was not ob- 
served in ZrO2-doped In203 under our experimental condi- 
tions. This dependence is related to the reduction of iso- 
lated oxygen interstitials or singly charged oxygen inter- 
st i t ial-dopant cation pair, as described in Table III. How- 
ever, these mechanisms may not be excluded especially 
when the dopant concentration is very low. If this mechan- 
ism is predominate, the slope of log ~ vs. log Po2 changes 
gradually from - 1/4 to zero with decreasing oxygen partial 
pressure. 

Based on the discussion above and the following calcula- 
tions, the KrSger-Vink diagram (defect concentrations as a 
function of oxygen partial pressure) of 99.5 m/o InOi.6-ZrO2 
can be constructed, as shown in Fig. 7. Assuming that the 
doped Zr 4§ ions in this specimen are fully activated giving 
one electron per one Zr 4§ ion at 1300~ and 5 • 10 -6 atm, the 
free-electron concentration in this 0.5 m/o doped specimen 
was calculated to be 7.7 • 1026 m 3, using the lattice con- 
stant of 1.0126 nm. 1,2 Since the electrical conductivity of 
n-type electronic character was 8 • i04 Sm ~ at the temper- 
ature and the Po2, the mobility of electrons, ~ = ~/e �9 n, was 
derived to be 6.5 • i0 -~ m 2 V -I s -I, comparable to that in 
slightly SnO2-doped In203.38 Using this mobility value and 
assuming that the mobility remains unchanged by doping if 
the dopant concentration is very low (0.5 m/o in this speci- 
men), the electron concentration in pure In203 at 1000~ 
was calculated from the conductivity data to be log n = 
22.84 - 0.165 log Po2 (m 3). The equilibrium constant, de- 
fined by Eq. 6, was calculated to be Kv = [Vo'] - n 2 ~i/2 

�9 /JO2 

1/2 n 3 ~i/2_ i0682 m-9. 
�9 ~O2 -- 

The extrapolation of the electronic conductivity data of 
99.5 m/o InOi.5-ZrO2 in the oxidizing atmosphere showing 
the -1/8 power Po2 dependence, to 8 • i04 Sm -I yields the 

Po~ boundary of 1.5 • 10 -3 atm between the region II (sim- 
ple donor doping mechanism) and the region III (oxygen 
intersti t ial-dopant cation pair mechanism). In the same 
way, the extrapolation of the electronic conductivity data 
of pure In203 at 1000~ to 8 • 104 Sm 1 results in a Po2 
boundary of 5 • 10 -19 atm, below which the partial  reduc- 
tion of In203 is predominate (region I). 

The equilibrium constant KB, the product of the electron 
and hole concentrations, was calculated 68 to be KB = 1044.3 
m -8 at 1000~ The bandgap for indirect transit ion of 
2.62 eV 80,61 at room temperature, the temperature coeffi- 
cient of the bandgap 13 = 1.0 • 10 3 eV/K, 60 the effective 

* 
mass of mc = 0.35 m 14,38 and m*= 0.7 m 62 were used for the 
calculation. For the simplicity, KB is defined based on the 
classical mass action law and the Maxwell-Boltzmann 
statistics for nondegenerated semiconductors, as described 
in Eq. 8. In doped In20~ with a higher electron concentra- 
tion, this classical treatment with an equilibrium constant 
KB may become invalid and the doped In203 should be 
treated as a degenerated semiconductor. 19'68 The slopes of 
log [Defect] vs. log Po2 for each defect species were derived 
using the mass action law and the electroneutrality and 
mass-conservation conditions described in the previous 
Section as well as in Table III. Consequently, the KrSger- 
Vink diagram of 99.5 m/o InO1.6-ZrO2 can be constructed as 
shown in Fig. 7, including the defect associate (2Zr~ - O~") • 
In the nonassociated case, the concentration of electrons 
and holes may exhibit the - 1/4 dependence instead of the 
-1 /8  dependence in the region III, and [Oi"] instead of 
[(2Zr~ �9 O~") • is the predominate defect species. The stabil- 
ity of the cubic In203 phase is not taken into account in this 
diagram. The sublimation of In203 66.63 and the transforma- 
tion to the hexagonal phase 64 occurs at extremely low and 
high oxygen partial pressures, respectively. 

This diagram suggests that the dopant is not always fully 
activated, producing two free-electrons. Oxygen intersti-  
rials are involved in the defect equilibria as CMO~ = 2 [O~"] + n. 
At a high oxygen partial pressure, the hypervalent metal 
oxide doping is compensated by the formation of oxygen 
interstitials rather than by the formation of free-electrons. 
Further, even when the dopant concentration is very low, 
defect interactions may not be ignored and may influence 
the electronic conductivity. 

Two-phase region.--The 80 m/o InO1.5-ZrO2 exhibited a 
similar dependence on both temperature and Po2, to the 
99.5 m/o InO1.5 material. This behavior can be explained if 
the equilibrium of the cation distribution has been 
achieved in 80 m/o InO1.6-ZrO2. In this case, the cubic-In203 
grains contain 0.6 m/o ZrO2, the ZrO2 concentration at the 
solubility limit in equilibrium. 20 m/o ZrO2 is far from the 
solubility limit in equilibrium, and the phase separation 
kinetics at 1500~ were fast enough to reach equilibrium�9 
The 80 m/o specimen consists of the cubic-In203 and the 
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Table III. Lattice defect reactions and oxygen partial pressure dependence of electronic conductivity of pure and doped 1n203. 

Region 

Intrinsic I 

IV 

Extrinsic llo 
(M02 
doping) 

IIIn 

HID' 

IIlo" 

Extrinsic 
(AO 
doping) 

Defect reactions 

| 

Oxygen vacancy formation 

, 0 : ~  ~ ~ 7  +2~'+Y20, 
Oxygen interstitial formation 

o, ~ 20, "+*h" 

Mass action law/ 
Mass-conservation condition 

K, = Iv.-].,' . , .o:  

K~ = [ v ] . : . ~ o :  

K, =[v:].[o,,] 
K~ =n.p 

...... ' Indium vacancy formation x, =[v,.."]' p'.eo,-'/, 
, ~0 , (  *' )2Vu'""~h'+30 ~, 

...... Indium interstitial formation ' K. = [ ln"~' y . n" , Po~�89 
, IngOt( *' )21ny+6e'+~O 2 

...... Valence-conduction band transition ' K~ -- n. p 

null( xa )e'+h" 

' Simple donor doping 
2MO: t.p~ )21~t.+30~+2e,+~O~ 

' Reduction of isolated oxygen 
interstitial 

2MO~ "~' )2M~.+30~. +0/ '  

, 0 i ' ' o  2e'+y~o~ 
Reduction of oxygen interstitial-dopant 
pair (singly-charged) 

IIln"' 

fix 

2MO, "P' ) (M;, .O;") '+M~, + 30:  

( M ;  O,")'~ *,' )M',.+O," 
, Oi"e'i'2e'+~zO~ 
Reduction of oxygen interstitial-dopant 
pair (neutral) 

2t~o~ ,.e, ~(2M;.-0,"2" + 30: 

(2M;..Q")': ~ ~.2M: § 
, o , " ~  2e'+~o, 

Association of defect complexes 

2MO~ ":, ,(2M;. 0,")~ + 30: 
2MOz "P, )(M2.0j' 

(2M; , .O , " f '  + (M , .O , ) "  

, ,-,[(2M:.O,"~" .~M,.o/] 
Oxidation of oxygen vacancy 

2AO " "  ) 2a~.'+20~ + V -  

V," + k~O~ +-) O: + 2h" 

O: ~-r V:" + 2e'+Y20, 

| 

IIl^ Simple accepter doping 

�9 2AO+~O 2 ,~o, )2Au,+30~+2 h. 

x~ =[v. ']. , , ' .  P o :  

,:, =[v.-].[a"l 

K~ =[v . - ] . , ' . , o :  

x, =[,'.'l.[o,"1 
K:=[r 

C~o ' -[(M;.'O,")'] 

K, : [v.-] .,, .,,o: 
~, ={v_ ].[o,.,] 
x. =D-L-o,"rl-'.[~]'-fo,'] 
~.o, .z{(2u;..o,"jq 

�9 ~ = [~ - ] . , ' . , . o :  
K s = n - p  

Electroncutrality 
condition 

2 [ V ~ ] = n  o = n = ( 2 K v ) ~  .poZ~ 
| 

Electronic conductivity vs. Po2 Ref. 
| 

4g,4(~ 

,,:2[o,'1 ,,o: 
L K~ ) 

| . . . . . . .  

P = 3[Vu"']  i ~176 

311n7] = n , , -n  =Og, f '  .Po;~,, " ..... 

, = .  ":::e__x/..S(Po.; .,,5i 
�9 ~ xp( -AE 8/2kT))  

[ M ; . ] = n  o , = n *  f ( P o f l  48 

| 

[.;.] = 2[o,,1 

[M;.]=[~,..O,"r] 

[ - - ; , l =n  

i . y, 

o ~ n = I ~ l  .PoZY, 
I L z x , )  

| 

I K  K ,~Y2 

L K ,  J 

( )r,. K v �9 clio, 
o - n = [ eo 

2K r ) 2 

(-..[<2z,,: o,";']>>[o,"]~ 

~ f(Po 2) 

3g 

1 

2[v: ]=[A,.'] . , , . ~ . ,  4g 

t, 2xv ) 
I f  V.j << V.,, 

o,n=( 2K,,Ir'.po;r, 
[.LA,. '1] 

p =[a,.'] o -  p./r 

c: dopant concentration; MO2:tetravalent metal oxide; AO:divalent metal oxide; V.: mobility; n=[e]; p=[h'], 
P~(region I)<Po~(mgion l])<Po2(region III)<Poz(region IV), 
regions lID. IIIn. Hit>', IIln". mu" for tetravalent metal oxide doping, regions I] A, lII^ for divalent metal oxide doping. 
Kv, K~, Kj, K^, K,, Ku: equilibrium constants defined for specific reactions, s e e  text  for details or each defect reaction. 

Electroneutrality conditions simplified from the overall electroneutrality condition: 3[ In , " ]  + { M,~,] + 2[ V=] + p  = 3[ V,. ' " ]  + [ A,. '] + 2[ Oj "] +n . 

cubic-ZrO2.  The  e lec t r ica l  c o n d u c t i v i t y  is d o m i n a t e d  by  the  
e lec t ron ic  c o n d u c t i v i t y  of the  cubic-In2Oa phase .  The  elec-  
t ron ic  c o n d u c t i v i t y  of 80 m / o  InO1.5-ZrO2 exceeded  t h a t  of 
99.5 m / o  InO1 ~-ZrO2 in  the  r e d u c i n g  a tmosphe re ,  as s h o w n  
in Fig. 5b. This  r e su l t  suggests  t h a t  the  ZrO2 c o n c e n t r a t i o n  
in t he  cub ic  In20~ p h a s e  in t he  80 m / o  InO1.5 spec imen  is 
s l igh t ly  h i g h e r  t h a n  0.5 re~o, cons i s t en t  w i t h  t he  so lub i l i ty  
of 0.6 m / o  ZrO2 in  t he  p h a s e  d i a g r a m :  '2 
S u p e r s a t u r a t e d  s ing le -phase  r e g i o n . - - C o n t r a r y  to t he  
o the r  ZrO2-doped  spec imens ,  the  95 m/o  InO,  5-ZRO2 was  a 

s i ng l e -phase  ma te r i a l ,  however ,  s u p e r s a t u r a t e d  in  ZrO> In  
th i s  m a t e r i a l  s in t e r ed  a t  1500~ for  1 h, the  e lec t r ica l  con-  
duc t i v i t y  was  i n d e p e n d e n t  of Po2 a t  1000~ a n d  i n d e p e n -  
den t  of t e m p e r a t u r e  in  air. Two s i t ua t i ons  are  poss ible :  the  
s imple  d o n o r - d o p i n g  m e c h a n i s m  a n d  t he  a s soc ia t ion  of de-  
fect  complexes  m e c h a n i s m .  B o t h  mode l s  could  e x h i b i t  less 
d e p e n d e n c e  on  Po2 a n d  t e m p e r a t u r e .  However ,  w i t h  i n -  
c reas ing  t e m p e r a t u r e  f rom 1090 to 1300~ t h e  e lec t r ica l  
c o n d u c t i v i t y  b e c a m e  more  d e p e n d e n t  on  P o ,  as s h o w n  in 
Fig. 5b. W i t h  i n c r e a s i n g  t e m p e r a t u r e ,  t he  s lope of log ~ vs. 
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Fig. 7. The defect concentration in the 99.5 m/o InOl.s-ZrO~ solid 
solution as a function of oxygen partial pressure at 1000~ (Kr6ger- 
Vink diagram). M (tetravalent metal cation) = Zr 4§ substituted in the 
In~O~ cation sublaltice. See Table III and the text for the definition of 
Po~ regions. 

log Po2 changed from -1/24 to -1/10.1 in the oxidizing 
atmosphere, and from -1/65 to -1/14.5 in the reducing 
atmosphere, as shown in Table I. If the sample donor-dop- 
ing mechanism is predominant  and all Zr 4* ions are fully 
ionized as donors, the electrical conductivity becomes less 
dependent on Po~ with increasing temperature. This is in 
contradiction to the experimental findings for this 95 m/o 
specimen. The experimental results can only be understood 
if one assumes that associated defect complexes at 1000~ 
decompose to simpler defect complexes such as oxygen in- 
tersti t ial-dopant cation pairs. These simple defect pairs 
yield the - 1/8 power dependence on Po~. Therefore the con- 
ductivity in this ZrO2-supersaturated material may be de- 
scribed by the association of defect complexes. This mech- 
anism is predominant  in heavily SnO2-doped In203, when 
the S n Q  concentration is higher than 4 m/o. 4~ The transi- 
tions of electronic conduction mechanisms in the oxidizing 
atmosphere are described schematically in Fig. 8. 

The slow phase separation kinetics give us an opportu- 
nity to make more hypervalent metal oxides, such as ZrO~ 
and SnQ,  metastably doped in the In2Q lattice. However 
the higher dopant concentration does not necessarily lead 
to a high electronic conductivity due to the defect complex 
formation. The tightly bound defect complexes in the su- 
persaturated specimen are stable up to 1300~ in air, ex- 
pected from the temperature independence of the elec- 
tronic conductivity up to 1300~ as shown in Fig. 4. The Po2 
dependences at 1000 and 1300~ in Fig. 5b indicate that 
both a high temperature and a reducing atmosphere are 

TemperatureS'C) 

Simple donor doping Simple donor doping 

,,. r i, ,l in9 
Reduction of Reduction of 
oxygen interstitial Defect complexes oxygen intersfidai 
(-dopant pair) (-dopant pair) 

90 95 97.5 99.5 
ZrO2 InO~.sconcentration (tool%) 

Fig. 8. Transition of electronic conduction mechanisms in In203 
doped with ZrO~. The slopes of log ~ v s .  log Po2 in the oxidizing 
atmosphere {air to pure 02) are also given. 

-119,1 1300 

- U6.~ 1150 

-1/6 0 1000 

leduction of I n 2 0  
(oxygen vacancyl 

I 
100 

In~,01 

needed for the bound oxygen interstitials to be reduced 
leaving free-electrons to obtain a high electronic conduc- 
tivity. In  heavy SnO2 doping, the t in  donor ions became 
neutralized forming S n Q  or Sn304 clusters in In203 
grains. 2~ Further, the mobility may become lower with 
increasing dopant concentration due to the scattering of 
electron conduction by dopants and/or defect complexes as 
found in heavily SnO2-doped In203.1~,38,65 

In the ZrO2-supersaturated single-phase region, the elec- 
trical conductivity decreased with increasing ZrO2 concen- 
tration, and a minimum was found at 90 m/o InOL~. The 
minimum was caused by the supersaturation, due to the 
slow segregation of ZrO2 from the In203 grains. Therefore, 
we expect changes in conductivity with sintering time 
when these samples are kept at high temperatures. The 
electrical conductivity of 90 and 95 m/o InOL~-ZrO2 at 
1250~ increased from 1.0 • 10 ~ to 3.8 • 104 Sm -~, and from 
1.5 • 104 to 7.3 • 104 Sm 1, respectively, with increasing 
sintering time from 1 to 12 h. After 36 h sintering of the 
90 m/o specimen at 1500~ the electrical conductivities of 
80, 90, 95, and 99.5 m/o InOl.~ specimens were identical. 
This can be expected as the material becomes a two-phase 
mixture of the cubic-ZrO2 and the cubic-In203 phases. The 
90 and 95 m/o InO15 specimens consisted of the cubic ZrO2 
and the cubic In203 phases after sintering at 1500~ for 
36 h. ~ 2 These results support the conclusion that the mini-  
mum at 90 m/o InO1.5 and the maximum at 80 m/o InO1.5 in 
electrical conductivity are caused by the supersaturation of 
ZrO2 in the In203. The slow phase separation and the con- 
duction mechanism in the supersaturated 95 m/o specimen 
both suggest that the Zr 4+ ions first intend to form defect 
complexes in the In~O~ lattice rather than segregate to form 
the cubic-ZrO2 phase as a second phase in the supersatu- 
rated single-phase region. 

Conclusion 
The electrical conductivity in the cubic-ZrO~ + cubic- 

In203 two-phase, and cubic-In203 single-phase regions of 
the In2Q-ZrQ system was measured, in the temperature 
range between room temperature and 1300~ and in the 
oxygen partial pressure range between 5 • 10 5 and I atm. 
In the cubic-ZrO2 + cubic-In203 two-phase region, the elec- 
trical conductivity of electronic character increases 
abruptly up to 10 ~ Sm -1 with increasing InO1.5 concentra- 
tion. This material is a 3D composite of an ionic conductor 
and an electronic conductor. 

In2Q doped with ZrO2 is a high n-type electronic conduc- 
tor up to =105 Sm 1 at 1300~ The highest electrical con- 
ductivity was found in the cubic-In203 solid solution con- 
taining 0.5 m/o ZrO2 near the thermodynamic solubility 
limit in air. Further addition of ZrO2 led to a decrease in 
electronic conductivity in air due to the defect complex 
formation. The dependences of the electronic conductivity 
of ZrO2-doped In2Q on oxygen partial  pressure, tempera- 
ture, and ZrO2 dopant concentration, can be summarized as 
that the predominate lattice defects for electronic conduc- 
tion change from: (i) defect complexes (~ is independent of 
Po~), to (it) oxygen intersti t ial-dopant cation neutral  pairs 
(Po~ dependence of power - 1/8), (or isolated oxygen inter- 
stitials), and (iii) free-electrons after reducing oxygen in- 
terstitials (~ becomes less dependent on Po2) with increas- 
ing temperature, with decreasing Po~, and with decreasing 
dopant concentration, leading to a higher electronic con- 
ductivity. The metastable solubility of dopants in IntO3 due 
to the slow phase separation kinetics influences the elec- 
tronic conductivity and lattice defect mechanisms. ZrO2 is 
a most effective donor for increasing electronic conductiv- 
ity of In2Q, among hypervalent methl oxides including 
SnO2, Nb20~, and CeO2. The ZrO2-doped In203 therefore has 
potential use as highly conductive films for various electri- 
cal, electrochemical, and optical applications. 
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