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The bulk defect chemistry of polycrystalline SnOl has been investigated systematically by impedance 
spectroscopy. Nominally pure and In- and Sb-doped materials were shown to be stable in the rutile 
structure over the entire temperature range (500-900°C). Lattice constants were determined as a 
function of temperature. Defect chemistry can be described consistently by assuming fully ionized 
oxygen vacancies and conduction electrons as native defects. In the O2 partial pressure range between 
0.02 and 1 bar, intrinsic behavior was observed with a characteristic exponent of -6 for T > 800°C in 
nominally pure oxides, whereas at lower temperatures acceptor impurities dominate the conductivity 
with a characteristic exponent of -1. In agreement with the defect model proposed, the extrinsic 
conductivity behavior changes toward intrinsic conductivity behavior with decreasing partial pressure 
at constant temperature. Heavy In doping (In&) increases the acceptor influence, i.e., lowers the 
(electronic n-) conductivity and extends the extrinsic regime. Weak Sb doping (Sb’,,) has a donor 
influence and causes an increase in the conductivity. Since in this case foreign acceptor defects still 
form the majority of carriers, the transition between extrinsic and intrinsic behavior occurs at lower 
temperatures but at the same conductivity value. The temperature dependence also reflects this 
transition and yields enthalpy values for oxygen incorporation of about 1.1 eV per electron. o 1988 

Academic Press. Inc. 

1. Introduction trinsic bulk defects of Sn02 do, however, 
influence all charge transfer reactions dur- 

There is great interest in SnOz because of ing gas sensing at low temperatures. In the 
its advantageous transport properties, with present study of bulk defects we performed 
particular emphasis on its properties as a complex impedance measurements at dif- 
sensor for reducing gases (I). Although ferent temperatures and O2 partial pres- 
there exists a large amount of literature sures for pure and differently doped SnOz. 
concerning low-temperature gas sensing Most authors agree that oxygen vacan- 
properties, systematic experiments on the ties constitute the majority of native ionic 
basic defect chemistry are still lacking. In- defects in Sn02 (24. The energy differ- 

* Dedicated to Professor Albrecht Rabenau on the ence between the oxygen donor levels and 
occasion of his 65th birthday. the edge of the conduction band is probably 
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not larger than 0.1 eV (2, 3-5). SnOz is an 
n-type semiconductor even at oxygen pres- 
sures of 150 bar (6). This is consistent with 
the large bandgap. Values between 3 and 4 
eV may be found in the literature (5, 7, 8). 
Most investigations, however, suggest a 
value of 3.5 eV (a-10). In a detailed study, 
Kohnke derived 3.54 eV with a temperature 
coefficient of -6 x 10m4 eV/K (5). These 
values represent the (free) enthalpy of for- 
mation of charge carriers, i.e., electrons e’ 
and holes h’: 

O$e’-t-h (1) 

For many oxides, this reaction may, to a 
first approximation, be assumed to charac- 
terize the energy of electronic charge trans- 
fer from 02- to the metal cation (here Sn4+), 
i.e., from the valence 2p(02-) to the con- 
duction 5p(Sn4+) band. There is, however, 
some evidence in the literature (9) that the 
situation is more complex for Sn02. The 
energy for oxygen incorporation, which is 
the dominant defect-inducing process in 
most Sn02 materials, is not yet known, but 
is expected to be lower than the bandgap 
energy. The sensing mechanism at low tem- 
peratures is assumed to involve trapping of 
electrons by adsorbed oxygen (I, II, 12). 
As a result, the concentration of free elec- 
tronic charge carriers (e’) is strongly re- 
duced in the boundary regions. This space 
charge effect can be monitored easily by 
resistance measurements. Fortunately, 
bulk diffusion of defects is very low at room 
temperature and causes only a weak drift in 
the total resistance of the sample. 

To optimize the sensor properties of 
SnO2, it is important to understand the ther- 
modynamic and kinetic behavior of the sys- 
tem at the phase boundary, in the boundary 
region, and in the bulk. We plan to investi- 
gate these subjects systematically by com- 
paring temperature-dependent solid/gas 
interactions with single crystals, polycrys- 
talline samples, and thin films and to 
present these results in a series of publica- 

tions. This paper deals with the defect 
chemistry of bulk Sn02 under equilibrium 
conditions. 

Because of low diffusion coefficients at 
temperatures below 9OO”C, we choose poly- 
crystalline samples as specimens. At tem- 
peratures above lOOO“C, Schottky disorder 
and formation of SnO are assumed to play 
an important role (13). There also exists in 
the literature some confusion concerning 
crystal modifications of Sn02. Even at nor- 
mal pressures, the existence of different 
modifications has been postulated over the 
entire temperature range investigated in the 
present study (8, 14). In contrast to these 
findings, several other authors assume 
Sn02 to be stable in the t-utile structure 
(SnO& only and attribute experimentally 
observed changes in the lattice parameters 
to thermal expansion (23). 

2. Experimental 

2.1. Materials 

Two kinds of nominally pure Sn02 have 
been used, SnO2 (Kelpin, 99.9%) and SnO2 
(Ventron, 99.998%). To obtain a fine pow- 
der, Sn02 has been ground in a ball mill 
(agate). In-doped material has been ob- 
tained by dissolving In in HNOJ (Merck, 
suprapure), mixing the solution with SnOz 
(Kelpin) powder, neutralizing with ammo- 
nia (Merck, suprapure), and evaporating 
the volatile compounds. Sb-doped material 
has been obtained by oxidizing Sb with 
HN03 to Sb205 (aq), suspending the latter 
in water, mixing the solution with Sn02 
(Ventron), and evaporating the water. The 
materials were pressed into pellets by cold 
isostatic pressing at P = 10 kbar and an- 
nealed at 900°C for 15 h in a quartz vessel 
together with excess Sn02 powder, with the 
latter covered with an alumina crucible. As- 
prepared SnO2 ceramic material obtained 
by this procedure was white, homoge- 
neous, and of good mechanical stability and 
exhibited a grain size of l-5 ,um. Sintering 
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at higher temperatures led to SnOz with a 
density of 70% of the theoretical bulk 
value. The difficulty in obtaining denser 
SnOz ceramics is well known (5). Sinter- 
ing at higher temperatures was avoided 
because of the possible onset of the 
(Schottky) reaction which creates addi- 
tional Sn vacancies and, moreover, hinders 
the sintering effect (25). The pellets were 
polished with a diamond paste and con- 
tacted on both sides by vapor-deposited Pt 
or Ag. 

2.2. Methods of Investigation 

X-ray diffraction experiments were per- 
formed at different temperatures with the 
Guinier-Simon technique. Further sample 
characterization was possible by inductive 
coupled plasma emission spectroscopy 
(ICP), X-ray fluorescence (XRF), and scan- 
ning electron microscopy (SEM). Electrical 
conductivities were measured by impe- 
dance spectroscopy at frequency between 
100 Hz and 10 kHz (Wayne Kerr 3905) and 
between 5 Hz and 13 MHz (HP 4192A) as a 
function of temperature and oxygen partial 
pressure. The latter was adjusted by OJAr 
mixtures in the range P = 10m3 to 1 bar and 
by CO/CO mixtures for establishing lower 
partial pressures. Impedance measure- 
ments have been evaluated by adjusting dif- 
ferent system functions. 
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FIG. 1. Lattice constants of Sn02 @tile) as a func- 
tion of temperature. The open symbols refer to Ref. 
(13). 

TABLE I 

RESULTSOFTHE CHEMICAL ANALYSIS 

Material Additive Analysis 

SnOz (Kelpin) - 0.4 m/o Feb (0.6 m/o ALb ground) 
SnO* (Ventron) - 0.3 m/o Fqb 0.2 m/o Alb 

53-10~ (SbzOs) 0.03 m/o Sb”,b 0.02 m/o Sb,bJ 0.35 m/o Fe,* 
0.55 m/o Alb 

snoa (InzOd 0.8 mlo In” 0.5 m/o III,~ 0.27 m/o Fe,b 
0.17 m/o Alb 

Note. mlo denotes mole percent. 
a Weight. 
b ICP. 
c XRF. 
d SEM. 

3. Results 

The X-ray diffraction experiments did 
not give any hint of a phase transition of 
SnOha (rutile) as claimed earlier in the lit- 
erature (8). We observed a continuous in- 
crease in the lattice constants as shown in 
Fig. 1. The a constant is in good agreement 
with the values reported in Ref. (13), 
whereas our c values are slightly smaller. 

Table I shows results of the chemical 
analysis of the final products. The values 
for the dopants are consistent with the ini- 
tial (educt) concentrations. 

Table I also indicates the presence of a 
large amount of acceptor impurities intro- 
duced by the preparation. The analysis in- 
dicates that most In is localized in the grain 
boundaries since during the dissolution of 
Sn02(In203) the major portion of In is dis- 
solved at the beginning. The same is as- 
sumed to hold for the other impurities. For 
the conductivity measurements reported 
here, Pt electrodes have been used since 
the Ag electrodes cause a strong reduction 
of Sn02. The latter results from the forma- 
tion of Ag/Sn alloys observed at the low 02 
partial pressures adjusted in CO/CO2 mix- 
tures. According to thermodynamic values 
and the vapor pressure of SnO, the low ox- 
ygen partial pressure alone cannot account 
for this reduction. 
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FIG. 2. Impedance spectrum of Sn02 (5 Hz to 10 
MHz) with real (Re 2) and imaginary (Im 2) parts of 
the impedance 2. Frequency increases from right to 
left. The diameter of the high-frequency semicircle 
equals the bulk resistance. 

Figure 2 shows an impedance plot for 
SnOz obtained at 24°C and P(O2) = 1 bar. 
Here, the available frequency range is used 
most favorably. The right semicircle can be 
attributed to boundary effects and is not 
discussed in detail. The left, high-frequency 
semicircle is attributed to the bulk impe- 
dance. Highly conducting boundary layers 
which would short-circuit the bulk and in- 
fluence the high-frequency semicircle [as 
observed, e.g., for AgBr and AgCl(16)] are 
not observed here. The characteristic ca- 
pacitance is basically constant under all ex- 

c 

-32- 

-10 -0.6 -02 
lg (Plborl - 

FIG. 3. Conductivity of SnOz (Kelpin) as a function 
of O2 partial pressure for different temperatures. 
Dashed and dotted lines refer to extrinsic and intrinsic 
behavior, respectively. 

perimental conditions (-15 pF). This ex- 
cludes the influence from boundaries such 
as space charge layer effects. Unfortu- 
nately the stray capacitance of the appa- 
ratus does not allow evaluation of the bulk 
dielectric constant. The nonzero intercept 
to the left semicircle has been taken as the 
bulk resistance. 

The partial pressure dependence of the 
bulk conductivity is illustrated by log o-ver- 
sus-log P plots in Figs. 3-6. The tempera- 
ture dependence is illustrated by log o-ver- 
sus-l/T plots in Fig. 7. The o values 
characterize equilibrium conditions. Typi- 
cal times to adjust these equilibria are dis- 
cussed briefly in Section 4.5. 

4. Discussion 

The (T values in Figs. 3-6 are low com- 
pared with conductivity values of single 
crystals (2, 3). This is caused by the high 
porosity and may be described by blocking 
factors, as they were observed in two- 
phase conductor/insulator materials (27). 

n 
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FIG. 4. Conductivity of Sn02 (Ventron) (round sym- 
bols) and of SnOz (Sbt05) (rhombic symbols) as a func- 
tion of 02 partial pressure for different temperatures. 
Dashed and dotted lines refer to extrinsic and intrinsic 
behavior, respectively. 
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FIG. 5. Conductivity of SnOz (In,OJ as a function of 
O2 partial pressure for different temperatures. Dashed 
and dotted lines refer to extrinsic and intrinsic behav- 
ior, respectively. 

The blocking factors take into account the 
number of blocked nonpercolating path- 
ways. Without more detailed microscopic 
information about the grain structure, this 
factor may be estimated only roughly. The 
absolute o values are therefore not consid- 
ered and an evaluation of entropy values 
and mass action constants is not given in 
this paper. In all following evaluations and 
particularly in the evaluation of the partial 
pressure dependence of u, absolute values 
are not important. 

4.1. Defect Equilibria 

Because of the high valency and high co- 
ordination number of Sn4+ in the rutile 
structure, the formation of tin defects is 
only probable at high temperatures. The 
formation of tin vacancies (which are fro- 
zen-in at lower temperatures) and of oxy- 
gen vacancies in a Schottky-type reaction 

SnSn + 200 z$ SnO + QO? + VT: + 2Vg 

(2) 

is assumed to be significant at temperatures 

IglPlbor)---, 

FIG. 6. Conductivity of SnOz made from SnCh as a 
function of O2 partial pressure for different tempera- 
tures according to Ref. (2). Dashed and dotted lines 
refer to extrinsic and intrinsic behavior, respectively. 

above 1100 K, thereby causing an anoma- 
lous increase in the lattice constants (13). 
The dense t-utile structure suggests the ab- 
sence of interstitial oxygen defects. In 
agreement with other authors we assume 
oxygen vacancies as native ionic majority 
defects (2). Hall experiments (3,4) indicate 
that SnO;! is an n-type conductor even at 
high O2 pressures and that-according to 
the large bandgap-hole concentrations 
can be neglected. Therefore, the interaction 

-I 
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FIG. 7. Conductivity of different Sn02 materials as a 
function of temperature, P(OJ = 1 atm. The low-tem- 
perature range (300-600 K) is not shown. Dashed and 
dotted lines refer to extrinsic and intrinsic behavior, 
respectively. 
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of SnOz with the gas phase may at best be 
described by 

40, + V, + 2e’ = Oo. (3) 

The total enthalpy of this reaction is not 
known. As is usual in semiconductor phys- 
ics we split this reaction into a virtual incor- 
poration of neutral oxygen 

402 + vo G 00 (4) 

and into subsequent ionization reactions 

and 

vo e V. + e’ (3 

Vb * VG + e’. (6) 

Enthalpies of reactions (4) and (5) have 
been determined to be about 30 and 150 
meV, respectively (2, 3). 

For higher temperatures and partial pres- 
sures, Fermi-Dirac statistics may be re- 
placed by Boltzmann statistics. As a conse- 
quence, the chemical potential of all defects 
can be written as a logarithmic function of 
the molar concentration, and the mass 
action formalism can be applied to describe 
thermodynamic equilibrium. It is worth 
noting that each electronic defect intro- 
duces a standard value which is weakly 
temperature dependent because of the con- 
tinuous density of states. In the simplest 
case, the standard concentration is propor- 
tional to T3’*. This standard value is incor- 
porated into the mass action constants. 

The following cases can be distinguished, 
if oxygen defects are assumed to be fully 
ionized: 

Pure material (case i). According to the 
above assumptions, the electroneutrality 
equation for the bulk demands that [e’] = 
2[VO]. Hence under thermodynamic equi- 
librium conditions we obtain 

re’] = 21/3&‘/3~-1/6 (7) 

Here, K. is the mass action constant of Eq. 
(3), P holds for P(Oz), and the brackets de- 
note molar concentrations. 

Acceptor-doped material (case ii). For 
immobile acceptor impurities (A”‘) (or for 
frozen-in tin vacancies or oxygen intersti- 
tials) the V6 concentration is fixed: 

a[A”‘] = 2 [VG]. 

Hence it follows that 

Donor-compensated material (case iii). 
For high donor (P) densities, the e’ con- 
centration is fixed [with only slight varia- 
tions that result from the influence of the 
equilibria in Eqs. (5) and (6)]. This leads to 

[e’] = d[Dd’]K8Po. 

4.2. Partial Pressure Dependence 

(9) 

Since the mass action constants as well 
as the mobilities are independent of defect 
concentrations and of component activities 
for a sufficient dilution, we find that the 
pressure dependence of the concentration 
of electrons and of the electronic conduc- 
tivity can be described by 

(s), = (E), = N 

1 -Q for case i 
= -f for case ii 

0 for case iii. (10) 

Our examples with different samples are 
completely reversible. The corresponding 
impurity concentrations were independent 
of temperature and 02 partial pressure val- 
ues. Therefore, intrinsic behavior, as de- 
scribed in case i, is favored by increasing T 
and decreasing P. 

4.3. Temperature Dependence of (T Values 

The temperature dependence of u con- 
tains two contributions. 

(I) The temperature dependence of the 
concentration of free electrons [e’] is deter- 
mined by the temperature dependence of 
the mass action constant with 
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-R(!tgP > = yAH; + (URT = yAH8 

(11) 

where AH8 is the enthalpy of the reaction 
in Eq. (3). The factor y is $ for case i, 4 for 
case ii, and zero for case iii. The term crRT 
accounts for the contribution from the ef- 
fective density of states; typically (Y = 4 for 
case i, ff = 9 for case ii, ff = 0 for case iii. 
This term may be neglected to a first ap- 
proximation. 

(II) The temperature dependence of the 
mobility Uj of a defect j can be represented 
by 

uj = Ujo(T) exp(-gj/RT) (12) 

where gj is the free activation enthalpy for 
migration, which is zero for a band mecha- 
nism and nonzero for a hopping mechanism 
in polaron or impurity conduction. For 
band conduction, pfl accounts for the hin- 
dering of electron transport by phonon 
scattering. In the acoustic mode, U.~O - T-l.’ 
holds. The scattering mechanism in SnOz is 
a matter of controversy (3-5, 9, 18, 19). At 
lower temperatures in particular, the mech- 
anisms seems to be complicated. Here, u 
increases with increasing temperature. The 
high-temperature mechanism seems to be 
determined by the acoustic mode. The elec- 
tronic transport properties do, however, 
differ strongly from sample to sample. This 
holds particularly for the temperature of 
maximum mobility (4). 

In each case, the temperature depen- 
dence of u may formally be described by 

= yAH% + h,, + a’RT 

= yAH$. (13) 

At high temperatures, h,, = 0 holds. At 
lower temperatures, the effective migration 
enthalpy is still negligible compared with 
yAH& For AT-’ = 10e3 K-I, the mobility 
changes by at most one order of magnitude, 
whereas the concentration of electrons 

changes by more than ten orders of magni- 
tude (3-5). The product a’RT is reduced 
compared with c&T by the influence of 
uo(T). Therefore, the formation term re- 
mains the only important one. Only in case 
iii, with y = 0, is the mobility contribution 
of importance, but in this case deviations 
from the assumed simple defect chemistry, 
such as Vo formation, become important. 

4.4. Comparison with Experimental 
Results 

For SnOz (Kelpin) we find a linear rela- 
tion in Fig. 3 between log cr and log P, i.e., 
a linear relation between In (T and the oxy- 
gen chemical potential. Slopes of -4 for T 
5 780°C and of -Q for T 2 780°C are ob- 
served. 

The isotherm at 782°C shows a change in 
the slope from -a at high partial pressures 
to -4 at low partial pressures. The behavior 
can be explained completely within the 
framework of the above defect model.’ 
Thus, the behavior at low temperatures and 
high partial pressures is controlled by ac- 
ceptor impurities, or less probably (see Ta- 
ble I) by tin vacancies or oxygen intersti- 
tials as described in case i. At high 
temperatures, the intrinsic defects become 
important. Consequently we expect the 
electronic concentration around T = 780°C 
to be of the same order of magnitude as the 
impurity concentration. In estimating this 
value with an upper limit of K = 100 cm* 
V-i s-i (4) and a cr value of lo-* R-i cm-’ 
we obtain a defect concentration of at most 
1O-9 mol cme3. The latter corresponds to a 
mole fraction of 2 x 10v8 if the molar vol- 
ume of Sn02 is assumed to be 21.5 cm3 
mol-*. This fraction is far too low for real 
impurities (4). Since the uncertainties in ab- 
solute values of the mobility do not account 
for this large discrepancy, the above-men- 

’ In spite of some uncertainties in the slopes, it is 
significant that the absolute intrinsic slope is not 
greater than &, so that Sn interstitials (~4) are ex- 
cluded. 
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tioned assumption of a strong depression of 
u values by porosity effects is supported. 
Furthermore, foreign impurities are shown 
to cause an acceptor effect (see Table I) 
rather than tin vacancies or 0 interstitials. 

An alternative explanation of -f slope, 
assuming the presence of singly ionized ox- 
ygen vacancies (Vb) to be predominant, 
would also be in line with the results dis- 
cussed so far. It would, however, fail to 
explain the shape of the critical isotherm in 
Figs. 3 and 4, as it may be deduced by com- 
bining Eqs. (3) and (6) to give 

02 + 2Vb G= v, + 00. (14) 

A change opposite that from -$ to -Q with 
increasing partial pressure would be ex- 
pected in this case. 

In Fig. 4 the isotherm represented by 
round symbols represents the results for 
nominally very pure SnOl (Ventron). 

The slight changes in the absolute u val- 
ues are not significant because of the differ- 
ent porosities and different activation ener- 
gies of the two samples. Hence, the defect 
chemistry is regarded as essentially the 
same. Obviously we have introduced a sim- 
ilar content of impurities during the prepa- 
ration (see Table I). An equal amount of tin 
vacancies as compensating defects is less 
probable because of the different sintering 
procedures. 

Our defect model is supported further by 
the effect of In doping, as illustrated in Fig. 
5. Because of comparable ionic radii (In3+: 
80 pm, Sn4+: 70 pm) and because of the 
electronic configuration of In atoms (5s2 
5p*), In occupies in a trivalent state tin sites 
(20) and produces an acceptor effect, hence 
increasing VE [cf. Eq. (IS)] and decreasing 
[e’] (cf. Fig. 3) as well as (T [cf. Eq. (3)l 
according to 

In203 + 2Snsn + 00 G 2Ins, + VE 
+ 2Sn02. (15) 

As expected for case ii, the conductivity is 
depressed by about one order of magnitude 

and the slopes are -f over the entire tem- 
perature range (cf. Fig. 5). 

The dopant Sb on the other hand, with its 
ionic radius of 60 pm and its electronic con- 
figuration (5s2 5p3), is, because of the high 
oxygen potential, expected to occupy Sn4+ 
sites as Sb’+ . These Sb donor levels are lo- 
cated 35 meV below the conduction band 
edge (3) The donor effect results from 

. 
Sb205 + 2Sns, + VG * 2Sbs” + 00 

+ 2Sn02. (16) 

Consequently, the conductivity is en- 
hanced by half an order of magnitude com- 
pared with the pure material Sn02 (Ven- 
tron) (see Fig. 3). As is expected from 
Table I, the Sb content may change the con- 
centration of the minority charge carriers. 
It is not high enough, however, to alter the 
influence of the majority charge carriers. 
Therefore, the pressure dependence corre- 
sponds to that of case ii. Consequently, the 
transition between extrinsic and intrinsic 
behavior occurs at lower temperatures and 
at the same conductivity value, i.e., at the 
same electronic and the same acceptor con- 
centration. The behavior expected for case 
iii has been realized presumably in the ex- 
periments of Ref. (2): The slopes observed 
there are zero below 1000°C and -Q above 
lOOO”C, with a transition from extrinsic to 
intrinsic at the critical isotherms from high 
(0) to low (-4) partial pressures. In these 
experiments, the donor effect presumably 
results from the preparation, i.e., from the 
chemical vapor deposition of SnCh which 
introduces Cl-. The latter most probably 
occupies 02- sites because of comparable 
ionic radii (180 pm for Cl- and 140 pm for 
02-) according to 

SnC14 + 2Vz + 2Oo Z SnOz + 4Clb. (17) 

For comparison, results from Ref. (2) are 
shown in Fig. 6. 

The temperature dependence of mea- 
surements at P = 1 bar is shown in Fig. 7 
for differently doped SnOz samples. 
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At exactly the temperature expected to 
be the transition temperature for pure oxy- 
gen, a kink is observed in the curves of pure 
and SbZOs-doped (but not InzOj-doped) ma- 
terials. This again is in agreement with the 
proposed defect model. Moreover, the ratio 
of the high-temperature slope for SnOz 
(Sb205) (corresponding to an activation en- 
ergy of 0.7 eV) to low-temperature slope for 
SnOz (Sb205) (corresponding to 1.2 eV) is to 
a good approximation 2: 3 as postulated 
above. The same holds for the slope of pure 
SnOz, although in this case just the onset of 
the high-temperature slope (-1.2 eV) can 
be seen. Taking the slope for Sn02 (In203) 
(corresponding to 1.9 eV) as an estimation 
of the extrinsic slope, we estimate the ex- 
pected ratio 2 : 3 also for SnO;! (Kelpin). 
The scattering in the relevant values is still 
somewhat puzzling. The large slope of 
Snot (In203) cannot be explained by simple 
association equilibria between In&, and VG 
with their opposite charges. The differ- 
ences probably result from different po- 
rosities or segregation phenomena (see 
Experimental) rather than from different 
mobilities. Also, some shrinking of the Pt 
electrodes was observed during the experi- 
ments. Strong deviations at temperatures 
below 5OO”C, not discussed here, certainly 
result from nonequilibrium states (see Sec- 
tion 4.5). The observed slopes in this tem- 
perature range correspond to activation en- 
ergies of 0.3 eV which are in agreement 
with the literature. They may result from 
the ionization equilibria of frozen-in oxygen 
defects and hence from the reaction enthal- 
pies of Eqs. (5) and (6) (2). 

Samson and Fonstad found activation en- 
ergies on the order of 1 eV for the intrinsic 
region which are roughly comparable to 
ours if the scattering of the data is taken 
into account. From our analysis we derive a 
value of -2.2 eV for AH8 In Eq. (3). This 
corresponds to 2 eV for the reaction formu- 
lated in Eq. (4) [neglect of CYT in Eq. (13) is 
justified by the fact that nearly the same 

space coordinate - 

FIG. 8. Energy levels of the system Sn02/02 with 
respect to SnO bulk. The donor levels and the band 
gap are taken from Ref. (2, 8). A flat band situation is 
assumed. 

slopes are obtained in a log(crT3’*)-instead 
of log u-plot]. The energy values known 
so far are plotted in Fig. 8. The absolute 
values are related to the formation of one 
electron. 

Lack of knowledge of precise absolute 
values does not allow the calculation of re- 
action entropies and mass action constants. 
This will be discussed elsewhere. 

4.5. Time Dependence of Oxygen 
Equilibration 

Assuming VO and e’ to be the mobile de- 
fects in the temperature range of the 
present study, the equilibration of Sn02 
with oxygen in the gas phase occurs by si- 
multaneous diffusion of Vs and 2e’. Since 
the electrons move considerably faster, the 
diffusion coefficient (or the mobility) of ox- 
ygen vacancies is the rate-limiting factor. 
The equilibration times tes for our samples 
(pellets 1 mm thick, 1 cm in diameter) were 
of the order of a minute at YOO”C, of an hour 
at 7OO”C, and of a day at 600°C. Assuming 
an average particle diameter of 2 pm, and 
fast O2 pore diffusion to each grain because 
of the high porosity, we take the grain di- 
ameter as the characteristic diffusion length 
L. To a rough estimate the diffusion coeffi- 
cient D is given by setting the mean square 
displacement equal to the diffusion length. 
We estimate diffusion coefficients of oxy- 
gen vacancies on the order of IO-lo to 10m9 



302 MAIER AND GGPEL 

cm2 s-t for 9OO”C, 10-t* to 10-l’ for 7OO”C, 
and lo-t3 for 600°C. For samples of millime- 
ter size, te4 would be expected to be about 
100 days at T = 900°C which is far longer 
than observed experimentally on single 
crystals (2). On the other hand, the assump- 
tion of sample thickness as the characteris- 
tic diffusion length yields diffusion coeffi- 
cients that are too high. We therefore 
assume that pore diffusion is not fast with 
respect to chemical volume diffusion ef- 
fects in the whole sample at high tempera- 
tures. This is supported by the observation 
that a thicker sample with comparable po- 
rosity and grain size shows a slower re- 
sponse to a sudden P(02) change but a simi- 
lar response to a temperature change. A 
more detailed analysis (21) requires the 
control of grain boundary conditions and 
will be investigated thoroughly in the fu- 
ture . 
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