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Through the application of voltages to cubic ZrO,, stabilized by 10 m/o Y203, using a nitrogen/Ag 
and an air/Pt electrode, concentration gradients of the electronic species and p-n junctions in the 
sample have been created. The transient relaxation of the voltage is investigated and is interpreted 
in terms of the mobilities of both excess and defect electrons between 700 and 900°C. The movement 
of thep-n junction is characterized by a shoulder-type voltage-time relation. At 900°C the mobilities 
of the electrons and holes are 2.3 x lo-’ and 1.5 x 10M4 cm*/Vsec, respectively. The activation 
energy of transport is much smaller for the excess electrons than the holes. The electronic conduc- 
tivities are determined from the steady-state polarization current. 

1. Introduction 

Since Nernst’s investigations in 1899 on the 
replacement of the carbon filament used at 
that time as a light source, zirconia doped with 
several mole percent yttria (or some other 
lower valent oxides) has been known to 
exhibit high ionic conductivity at high tem- 
peratures (1). Later this was determined to be 
exclusively oxygen ion movement via oxygen 
vacancies (2-4). 

In addition to the ionic conductivity, a small 
contribution from electronic species1 has been 
detected. The amount and character of the 
electronic conductivity is dependent on the 
equilibrium oxygen partial pressure. The 
material behaves like an amphoteric semi- 
conductor with respect to the electronic con- 
ductivity. At high oxygen partial pressure 
(PO, 2 10-l’ atm at 9OO’C) p-type conduction 
occurs while at low oxygen partial pressure 
n-type conductivity (p,,, 5 10-l’ atm at 900°C) 
is found (5-22). 

So long as the ionic conductivity is large 
compared to the electronic conductivity, the 
electronic properties may be changed in a 
simple manner by applying a voltage to the 

1 For brevity, in this paper, the term “electronic” 
refers to both n- and p-type carriers. 
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material. Thus, in a purely electrical manner a 
p-n junction may be created by producing a 
stoichiometry inhomogeneity in the sample. 
This is another way to create a p-n junction 
besides the known homo- and hetero-junc- 
tions. 

2. po2 Dependence of the Electronic Properties 

The concentration of electrons and holes is 
dependent on the defect structure and is 
variable with the partial pressure of one comp- 
onent, in this case oxygen. By doping zirconia 
with 10 m/o (mole’?) yttria, first the cubic 
fluorite phase is stabilized to lower tempera- 
tures, and second a large number of oxygen 
vacancies is produced (3, 4). The following 
equations describe the incorporation ofoxygen 
from the gas phase into the vacancies using 
defect structure elements:2 

$0,(g) + Vb’ = 2h’, (1) 

* Defect structure elements (DSE) are the structure 
elements in the sense of KrBger-Vink (23-25) ne- 
glecting the regular structure lattice elements of the 
ideal crystal. In this manner, the elements are indepen- 
dent of each other, and the chemical potentials may be 
defined for them. The DSE’s have the meaning of the 
Schottky building units (26), but also have the intuitive 
appeal of the Kriiger-Vink elements. 
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and similarly 

*O,(g) + V; + 2e’ = 0. (2) 

Vo is the (compared to the perfect lattice) 
doubly positive charged oxygen ion vacancy, 
e’ and h’ are the electrons and holes, re- 
spectively. In thermodynamic equilibrium the 
following equations are valid : 

and 
3cco,k) + Pvb: + a&* = 0, (4) 

where p is the chemical potential. The con- 
centration of the oxygen vacancies is strictly 
dependent upon the oxygen partial pressure, 
but may be considered as approximately 
constant, since the concentration is essentially 
fixed by the high dopant concentration to 
about 5 %. 

The chemical potential of oxygen (related 
to one molecule) can be expressed by po, = 
p& + kTlnp,,. Furthermore, so long as the 
electrons and holes at low concentrations show 
ideal behaviour (or the activity coefficient is 
independent of the concentration) a similar 
relation holds: pe, ,, = ,uz, ,, + kTlnc,,., and the 
following equations are valid for a given fixed 
temperature : 

and 
(5) 

c,, cc p$‘? (6) 

Both equations are valid at the same time. But 
depending on the oxygen partial pressure, one 
or the other of the two conditions may be 
dominant and determine the electronic proper- 
ties of the material. 

3. Electronic Conductivities 

If the electronic mobilities u are independent 
of the concentration c (as is observed in many 
cases), then the partial conductivities 5 = cuq 
of the electrons and holes show the same po, 
dependence as given in Eqs. (5) and (6). This 
has been directly verified in some cases with 
CaO-stabilized ZrO, (12, 16, 20). Supporting 
evidence is provided by the observation of the 
exponential dependence of the current density 
i on the applied voltage E under conditions of 
blocked ionic current (12, 29-21) as in Hebb- 

Wagner polarization experiments (27-29); 
specifically 

i = -(kT/qL) [oeR(ePElkT - 1) 
+ crhR(l - eSqEIkT)]. (7) 

In this diffusion equation the electronic con- 
ductivity at the blocking electrode merely 
changes with the quarter of the power 
of the oxygen partial pressure po, = 
p&exp(+E/kT). k is Boltzmann’s constant, 
T the absolute temperature, q the elementary 
charge, L the sample thickness; and 0,” and 
trhR are the electron and hole conductivities 
at the reversible reference electrode at the 
right-hand side of the cell. 

In Fig. 1 the electronic partial conductivities 
as a function of the oxygen partial pressure are 
shown for ZrO, + 10 m/o Y,O, at 700, 800, 
and 900°C. According to the Hebb-Wagner 
dc polarization technique (27-29), the con- 
ductivities were determined by comparison of 
the experimental i-E curve with Eq. (7) using 
a reversible air electrode. The activation 
energies for the conductivities of 4.1 eV for the 
electrons and 1.85 eV for the holes agree 
within 10% with other measurements (22, 28, 
19) and are not very sensitive to the amount 
and type of dopant. In comparison, the ionic 
conductivity between 700 and 900°C is about 
10e3 to 10m2 s2-1 cm-l. Because of the lower 
activation energy of the conductivity of the 
holes compared to the electrons, the oxygen 
partial pressure for the transition from p- to 
n-type conductivity increases with increasing 
temperature. 

4. Electronic Mobilities 

The traditional steady-state polarization 
technique used for the determination of Fig. 1 
only allows the determination of the partial 
conductivities. Therefore, further investi- 
gations have been made in order to analyze the 
contribution of the concentration and the 
mobility of the charge carriers to the conduc- 
tivity. Transient voltage type experiments 
(19, 30-34) have been carried out in order to 
separate the two parts. 

A voltage less than the decomposition 
voltage (2.23 V relative to air at 900°C (35)) 
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FIG. 1. The dependence of the partial conductivities of electrons (e), and holes (h) in ZrOl + 10 m/o Yz03 the 
oxygen partial pressure. 

was applied to the sample. Porous platinum 
in contact with air has been used as the positive 
reversible electrode, while a thin silver layer 
in contact with a chemically inert material like 
nitrogen gas has been used as the negative 
electrode : 

C-1 
Inert material 
(e.g., N2 gas) ’ 

(1) 

Ag [ ZrO, + 10 m/o Y,O, [ Pt, Air(+) 

L.E. 1 

0 L 
I , >X 

Pt may not be used at the low oxygen partial 
pressure of the inert electrode because of the 
formation of Pt-Zr compounds (3.5-37), which 
thermodynamically influence the voltage of 
the cell. Most other suitable metals show 
similar effects (36); in the case of silver, 
however, the formation of AgZr is not 
expected below about 1.92 V at 955°C (36). 

During a transient period, negative oxygen 
ions are drawn out of the sample to the right. 
But in steady state, no ionic current exists 
since the inert material cannot supply oxygen 
ions; only a small electronic current will be 
observed. 

At the inert electrode side, the activity and 

the equilibrium partial pressure of the oxygen 
are given by the applied voltage. The energy 
4qE (q is the elementary charge) necessary to 
transport two oxygen ions from one side of the 
sample to the other is equal to the “chemical” 
energy necessary to transfer an oxygen 
molecule from the inert material to the air 
(assuming prevailing ionic conductivity) 

W = (cl:, - I&> = kT In G&/P&). (8) 

& and & are the chemical potentials of the 
neutral oxygen (per molecule) at the left- and 
right-hand sides, respectively. Due to the 
difference in po, there is a difference in the 
concentration of electrons and holes between 
the two phase boundaries. This concentration 
gradient is the reason for the slight steady- 
state electronic current after the ionic current 
is blocked. The current density is then given 
by Fick’s first law 

i=q (9) 

where D is the diffusion coefficient. An electric 
field does not exist in the sample. The high 
ionic conductivity allows for ionic defect 
redistribution so that the formation of an 
electric field is precluded. The main part of the 
voltage drop occurs at the phase boundary 
between the silver at the inert material side 
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and the sample, which acts as a capacitor in 
the case discussed here. However, it should be 
mentioned that different potential distribu- 
tions can occur in situations in which the 
electronic transference numbers are significant 
(38, 39). 

Because in steady state i is independent of 
the position, according to Eq. (9), Dee, - 
D,,c,, has to be linear throughout the sample. 
If either electrons or holes have a much larger 
conductivity than the other, the concentration 
gradient is linear and the slope is inversely 
proportional to the diffusion coefficient. This 
is evident in Fig. 2. A p-n junction is induced 
within the sample at the cross point of the two 
concentration curves by the applied voltage 
only. 

After the steady-state concentration profile 
is produced, determined by the constancy of 
the electric current, the external voltage is 
removed, and the transient voltage is studied. 
As shown below, the time dependence is 
determined by the mobility (or the diffusion 
coefficient) of the electronic species. 

After the voltage is removed, an equilization 
process begins. The concentrations at the 
right-hand phase boundary are presumed to 
remain fixed by equilibrium with the reference 
electrode, and eventually these electron and 
hole concentrations are communicated to all 
other regions of the sample. The transport of 

i 

electrons moving to the right and of the holes 
moving to the left is electrically compensated 
by an equivalent current of oxygen incorpora- 
ted into the crystal lattice at the air electrode. 
In the incorporation process, the oxygen 
accepts two electrons or donates two holes. The 
p-n junction moves through the sample and 
leaves at the left-hand phase boundary. 

As in the steady-state condition, during the 
transient period the movement of the electrons 
is exclusively a concentration gradient-driven 
diffusion process. The highly mobile internal 
ionic defects, as evidenced by the high ionic 
conductivity, again prevent the formation of 
an internal electric field due to the movement 
of the electrons. 

One boundary condition of the diffusion 
problem is the fixed concentration of electrons 
and holes at x = L and the other boundary 
condition is that no oxygen leaves the electro- 
lyte at the inert electrode x = 0. In fact a 
certain amount of oxygen will be dissolved in 
the silver electrode and the inert gas chamber. 
But this effect is negligible as long as this 
amount is much smaller than the changes of 
the electronic concentrations in the electrolyte, 
as will be justified later. Therefore, the point 
x = 0 is assumed to be impermeable to the 
electrons and holes which may here not be 
delivered to or taken off from the oxygen 
vacancies. 

---- - E.=L6V 

D,/D, ‘lo-; Ch’ /C; =lO’ ChL /C; =lO’ D,/D. :lO*;C,’ /C; ~10’ 

FIG. 2. Initial conditions of the concentrations of electrons (e) and holes(h) for two higher polarization voltages 
with an identical conductivity ratio ahR/~= R = lo5 at the reference electrode but different ratios of the diffusion 
coefficients of the electronic species. 
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An additional constraint on the diffusion is 
that in thermodynamic equilibrium the pro- 
duct of the concentration of electrons and 
holes is constant. Especially in the region of 
the p-n junction, recombination or formation 
of electron-hole pairs is superposed on the 
diffusional change in the concentration of the 
electrons and holes according to Fick’s second 
law. But these additional terms for electrons 
and holes cancel out if we write the concen- 
tration difference of the two types of electronic 
species 

With the introduction of the new variable 

c = (DnlDe> ch - C, (11) 

Eq. (10) becomes 

ac - p DhCh + De& 
at- ,,z' with D = 

ch + ce 

(12) 

The rate-determining “effective diffusion co- 
efficient” D is in general a function of position, 
and only in the case of equal electronic dif- 
fusion coefficients (Dll = D,) is it a constant. 

With the new variable, the boundary and 
initial conditions are 

C = const atx=L,t>O; 
aclax=o atx=O, t >O; (13) 

c = C(x = 0, t = 0) 

+c(x=L)-C(x=O,t=0) 
L 

x 

at t = 0. 

Under the condition of equal diffusion 
coefficients, D, = Dh, the solution of the 
differential Eq. (12) is known (40, 41):3 

X --&+2 
II=1 

3 ierfcx = (l/n”‘)e-“’ - x + (2x/7?) f e+dt. 
0 

or 
C(x = 0, t) = C(x = L) 

+ $ [C(x = 0, t = 0) - C(x = L)] 5 
n- 0 

1 
(2n+ 

-D(Zn+l)‘n2t/4LZ 
(1% 

The connection with the measured voltage E is 
given by Eq. (8) using the equilibrium con- 
dition 

poz- - 2/+ = poz- + 2fi,+ = *po,. (16) 

Because of the high disorder of the crystal 
lattice due to the large amount of dopant, the 
chemical potential poz- may be regarded as 
equal at both phase boundaries. This leads to 

C(x=O,t)= D Dh c (x = L) e-EqlkT h 
e 

- c r (x = L) @LT. (17) 
For the ratio 10m5 of the conductivities of 
electrons and holes at x = L (a value approxi- 
mately valid for zirconia in contact with air) 
at 900°C the calculated decay of the voltage is 
shown in Fig. 3. This solution is exactly valid 
only in the case of D,, = D,, but in general 
exhibits the characteristic properties of the 
transient voltage. At higher starting voltages, 
after a short period with the voltage decay 
proportional to the square root of time, a slow 
linear decay follows with the slope 

dE/dt = Dn2 kT/4qL2. (18) 
This value is independent of the applied polar- 
izing voltage. The transition voltage to a 
relatively fast decay at longer times is also 
independent of the initial voltage. The physical 
interpretation of the shoulder-like behavior is 
that at high voltages the relaxation process is 
determined by the diffusion of the electrons 
which dominate at the inert side, or, in the 
diffusion Eq. (17) the term with the positive 
exponent dominates. The motion of the holes 
is negligible by comparison, and their con- 
centration increases to maintain equilibrium 
with the electrons, as required by the mass 
action law. After a transitional period, the 
holes will dominate and determine the re- 
laxation process, i.e., the term with the nega- 
tive exponent in Eq. (17) dominates. Similarly, 
the concentration of the electrons is now 
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FIG. 3. Theoretical dependence of the relaxing voltage as a function of time t (multiplied by D/L’) for different 
polarization voltages assuming equal diffusion coefficients of both electronic species. 

determined through equilibrium with the 
holes. 

For different mobilities, D = D, in the 
region of prevailing electron conductivity and 
concentration, and D = D,, in the region of 
prevailing hole conductivity and concentra- 
tion. This is schematically shown in Fig. 4. 

In the case of smaller hole than electron 
mobility, first a relaxation of the electrons will 
occur, while the concentration of the holes 
will hardly be affected. For this homogeniza- 
tion in the left-hand region Eqs. (14) and (15) 
are valid if the sample length L is replaced 
by L’ and the right-hand boundary value 
C(x = L) by C’ (at high polarization voltages 
the values are almost identical). At later times, 
the slow equilibration of the hole concen- 
tration determines the time dependence of the 
voltage. The solution of the diffusion problem 
is closely related to Eqs. (14) and (15) (40,41), 
and the slope of the voltage-time curve at later 
times is given by Eq. (18). Besides this possi- 
bility, information on D,, is available from the 
time 7 of the appearance of the steep decrease 
of the voltage as a function of the previously 
applied polarization E. : 

dE,/dz = D,, n2 kT/4q L2. (1% 

In the case of D, < D,, a similar treatment is 
applicable, but is not discussed here because 
of the observed experimental results. 

N2 

C=C(x:L) 

AIR 

c=c (x=L) 

AIR 

FIG. 4. Initial condition of the concentration C for 
the total relaxation (top) and the equilibration of the 
holes (below), and the different regions of the diffusion 
coefficient D in the case of Dh < D,. 

5. Experimental Considerations 

Flat-ended tubes of ZrO, + 10 m/o Y,O, 
with about l-cm outer diameter and 
0.16-cm wall thickness(Zircoa, Zirconium Cor- 



ELECTRONIC TRANSPORT IN zro,-Y203 311 

Pt /Pl 10% Rh Thermocouple 

Ag (in quartz lube) !  
ZrOZ + IOm/o Y,O, 

FIG. 5. Schematical representation of the experimental arrangement of cell (I). 

poration of America, Cleveland, Ohio) were 
used as the ionic conductor. The experimental 
arrangement is schematically shown in Fig. 5. 
The bottoms of the tubes were polished to a 
final thickness of l-2 mm and served as the 
electrolyte. The interior of the tubes were in 
contact with the atmosphere which served as 
the reference electrode. Porous electrodes were 
made by painting platinum paste (Degussa, 
Hanau, Germany) on the surfaces. The outside 
of the tubes were in a nitrogen (or helium) 
atmosphere which had been carefully purified. 
The space between the zirconia tube and the 
protecting quartz tube was made as small as 
possible. The silver contacts at the inert 
electrode were prepared by sputtering. Their 
thickness was about 1 pm. 

Ni-Cr resistance heaters with stabilized dc 
supplies were used, and were carefully isolated. 
The experiments were predominantly carried 
out in the temperature range from 700 to 
900°C. Voltages were applied potentiostatic- 
ally and measured during the transient period 
with a high resistance millivolt meter (RN 
2 x 1Ol4 52, Keithley, Cleveland, Ohio), the 
output of which was further processed. For the 
initial voltage drops a two-channel oscillo- 
scope was used. The current measurements for 
the steady-state polarization experiments were 
made with a Keithley 410 microammeter. 

6. Results and Discussion of the Transient 
Measurements 

Some results of typical transient experi- 
ments at 900°C with L = 0.15 cm are shown in 
Fig. 6 for several low initial polarization 
voltages with mainly hole conduction pre- 
vailing, and for some voltages between I .4 and 

- t [set] 

FIG. 6. The time dependence of the voltage relaxa- 
tion after lower polarization voltages, T= 900°C. 

2 V in Fig. 7. For applied voltages up to about 
1 V, a rather rapid drop is seen. The shape of 
the curves is in good agreement with that 
calculated from Eqs. (15) and (17) assuming 
values of the diffusion coefficient of the holes 
that are either determined from the last slope 
of the shoulder (before the fast voltage 
decrease) or the time dependence for the 
appearance of the steep voltage steps. At 
about 1 V, a shoulder is beginning to form. At 
higher initial voltages, the shape of the 
shoulder becomes more marked and longer. 
For very short times there is a rapid initial 
decrease observed. 

The appearance of the shoulder in the 
transient voltage characteristics is similar to 
the theoretical curves previously derived for 
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FIG. 7. The total voltage relaxation behavior for 
higher polarization voltages between 1.4 and 2 V, at 
T= 9ooT. 

the assumption D, = D,. An important dif- 
ference, however, is the initial voltage behavior 
at high polarization voltages. In order to 
determine the diffusion coefficient of the 
electrons quantitatively, the initial time 
dependence of the voltage at some higher 
initial polarizations is plotted in Fig. 8. In 
agreement with the upper part of Fig. 3, or 

I8 I I I I 

-t [set] 
FIG. 8. Voltage-time dependence in the beginning 

of the relaxation at high initial polarizations, at 
T= 9ooT. 

Eqs. (14)-(16), after a short curved portion a 
linear dependence is seen. This is attributed to 
the relaxation of only the electrons, and D, 
may be calculated from the slope according to 
Eq. (18). At 900°C D, has a value of 2 x 10m3 
cm2/sec, equal to an electric mobility of 
2 x low2 cm/Vsec. 

After the short initial rapid decrease the 
voltage change slows down, indicating a much 
smaller diffusion coefficient for the holes. This 
is in accordance with the assumed model of 
D, < D, as graphically shown in Fig. 4. When 
the voltage reaches about 1.1 V the decay 
begins to decrease rapidly again with a velocity 
independent of the initial polarization 
voltage. The width of the shoulder increases 
with the starting polarization corresponding to 
the changing initial position of the p-n transi- 
tion point. At the lower investigated tempera- 
tures the shoulder becomes several times 
longer. As mentioned earlier the diffusion 
coefficient of the holes has been determined 
from the distance between two steep decreases 
and the last slope of the shoulder. The agree- 
ment is rather satisfactory. At 900°C for D,, a 
value of 1.5 x 10ms cm2/sec, equal to an 
electric mobility of 1.5 x 10m4 cm2/Vsec, is 
obtained. This value is two orders of magni- 
tude lower than that of the electrons. For this 
reason, the stoichiometric point with equal 
excess and defect electron concentrations 
corresponds to an oxygen partial pressure 
about 8 orders of magnitude lower than that 
at equal conductivities. 

From the temperature dependence of the 
diffusion coefficients in the range between 700 
and 900°C activation energies of 0.6 and 
1.4 eV for electrons and holes, respectively, 
were evaluated. Because the movement is an 
activated process and has low values for the 
diffusion coefficients, the results fit the require- 
ments of hopping conduction. 

Compared to other measurements the 
diffusion coefficient of the holes determined in 
the present investigation is about three times 
larger than that derived from permeation 
experiments (D,, = 4.5 x 10e6 cm’/sec) (18); 
the activation energy (1.24 eV) agrees within 
the limits of error. It is remarkable that for 
monoclinic zirconia similar low values have 
also been observed (42). 
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According to the knowledge that we now 
have of the electronic properties of doped 
ZrO, it may be stated that the general obser- 
vation of low electronic conductivities is 
primarily due to very low electronic mobilities 
rather than low electronic species concen- 
trations, but the dilute solution assumption 
can still be employed in this region of applied 
oxygen partial pressures. 

An error in using the voltage relaxation 
method for the interpretation of the electronic 
bulk diffusivities might be related to the 
neglect of the solubility of oxygen in the silver 
electrode and in the inert gas compartment. If 
we assume that either of these processes were 
rate determining, the redistribution of the 
electrons and holes in the electrolyte would 
have to be assumed to be fast and that quasi- 
steady states exist. Then, the transport of 
oxygen would be equivalent to the electronic 
current according to the Hebb-Wagner Eq. 
(7). From the known electron and hole con- 
ductivities in the zirconia electrolyte (Fig. 1) 
and solubility data of oxygen in Ag (43), 
assuming Sievert’s law, a calculation shows 
that in this case the relaxation should be 
several orders of magnitude faster than that 
observed experimentally. Therefore, the solu- 
bility of oxygen in silver and in the gas phase 
must have only a minor influence, and may be 
neglected. Also, the diffusion of oxygen in the 
inert electrode material cannot control the 
relaxation process because the diffusion time 
constant is very small compared to the 
measured relaxation time, according to known 
values of the diffusion coefficient of oxygen in 
silver (43). It can also be shown that the 
kinetics of the charging of the double layer at 
the electrolyte-inert electrode interface, assum- 
ing several hundred microfarads for its capaci- 
tance, cannot have a significant effect upon 
the measured results. 

In some cases, when using polycrystalline 
materials, especially in the form of thin films 
with submicron grain size, electronic transport 
barriers have been observed at intercrystalline 
or grain boundaries, which has been reflected 
through low electronic mobilities rather than 
low carrier concentration, e.g., (44-46). If such 
an effect were to also dominate the transport 
in zirconia, Ohm’s law would have to be 

12 

observed far electronic’conduction. However, 
previous polarization measurements using the 
Hebb-Wagner technique (27-29) have shown 
an exponential current-voltage dependence as 
described by Eq. (7). This indicates that the 
transport of the electrons and holes is deter- 
mined by diffusion in the bulk of the grains, 
i.e., the electronic conductivity in the inter- 
crystalline regions is better or at least compar- 
able to the bulk. Also, the ionic conductivity 
at the intercrystalline contacts may be 
assumed to be comparable with the bulk. 
Otherwise, the polycrystalline nature of zir- 
conia would markedly decrease the ionic 
conductivity of the material. Therefore, the 
relaxation which is determined by a coupling 
with the slowest species can be assumed to be 
fast enough in the intergrain regions, thus 
keeping the transport in the bulk rate- 
determining step. Of course, by the presence 
of grains a geometrical correction factor has 
to be considered for the determination of the 
electronic mobilities, but this factor is con- 
sidered to fall within the range of the experi- 
mental error. 
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