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Under electrical bias, mixed ionic conductors such as SrTiOj are characterized by oxygen vacancy
migration which leads to resistance degradation. The defect chemistry to describe the relationship
between conductivity and oxygen vacancies is usually obtained by high temperature conductivity
data or quenching experiments. These techniques can investigate the equilibrated state only. Here,
we introduce a new approach using in-situ impedance studies with applied dc voltage to analyze
the temperature dependent electrical properties of degraded SrTiO;5 single crystals. This procedure
is most beneficial since it includes electric field driven effects. The benefits of the approach are
highlighted by comparing acceptor doped and undoped SrTiOs. This approach allows the determi-
nation of the temperature activation of both anodic and cathodic conductivity of Fe-doped SrTiO5
in the degraded state. The anodic activation energy matches well with the published results, while
the activation energy of the degraded cathode region reported here is not in agreement with earlier
assumptions. The specific discrepancies of the experimental data and the published defect chemis-
try are discussed, and a defect chemistry model that includes the strong temperature dependence of

the electron conductivity in the cathode region is proposed. Published by AIP Publishing.

https://doi.org/10.1063/1.5006062

I. INTRODUCTION

Passive components such as capacitors and piezoelectric
actuators utilizing mixed ionic conductors including BaTiOs,
Pb(Zr,Ti)O3, and (K,Na)NbO; are widely used for industrial
applications.' However, performance and lifetime are limited
when the devices are exposed to increased temperature and
field stress.*® Highly accelerated lifetime tests (HALTs)*"!!
are commonly used to determine the mean time to failure and
investigate the resistance degradation phenomenon. HALT
studies of the model system Fe-doped SrTiO; identified
oxygen vacancy migration as the major cause of changes in
resistance.'? However, recent in-situ impedance studies'® dem-
onstrated that HALT measurements, which monitor the effec-
tive conductivity during resistance degradation are not
sufficient to describe the spatio-temporal changes in conductiv-
ity. The oxygen vacancy enriched cathode region exhibits a
considerably lower electron conductivity than predicted. This
finding illustrated that it is particularly unfavorable to rely only
on the equilibrium state defect chemistry from quenching,'*"”
high temperature conductivity,'’° and bulk polarization®'
experiments, while degradation is caused by an external field
stress. It is the aim of this work to introduce an approach to
bridge the gap between measurement and simulation by pro-
viding temperature dependent electrical properties of the
degraded state under field stress.

To determine the electrical properties of the degraded
state, it is necessary to degrade the sample and simultaneously
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obtain the distribution of local conductivity. This is possible
with in-situ impedance, since the dc voltage allows degrada-
tion while ac frequency sweeps allow the determination of
the distribution of conductivity. The determination of local
conductivity is mainly built on the relation of conductivity o,
relative permittivity ¢, permittivity of free space &y, and relax-

ation frequency f;, which is given as follows:' %23
o
r = . 1
’ 2me ey (1)

This relationship applies for a parallel element of a capacitor
and resistor that is characterized by a Debye peak centered at
f. when plotted as the imaginary part of the modulus M" (f).**
If the measured sample exhibits two differently conductive
regions positioned in series, two Debye peaks separated in
the frequency space can be expected. For degraded Fe-doped
SrTiOs, this situation with two considerably different con-
ductive regions is given, and both anode and cathode con-
ductivity can be determined.'*?? There have been several
attempts in the literature to obtain details about the electrical
properties of the degraded state.”**> However, none of these
investigations has taken into account that the degraded state
is not stable and oxygen vacancy re-equilibration begins as
soon as the electric field is turned off.'*?*?32%27 The only
viable way to investigate the degraded state is by maintain-
ing the applied dc field.

Figure 1 illustrates the generally accepted dependency
of total conductivity on the oxygen vacancy concentration
for Fe-doped SrTiOs.'>'®21282% The total conductivity

Published by AIP Publishing.
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FIG. 1. Plot of conductivity as a function of oxygen vacancy concentration
(lines) based on the published defect chemistry of Fe-doped SrTiO;. The
symbols indicate the conductivity values of the anodic and cathodic region
in the degraded state obtained by the method described in this article. The
arrows indicate trends with increasing temperature. The dashed lines show
the partial conductivities due to electrons or oxygen vacancies. The model
and experiment match in the anodic region, while the experimental results
indicate a signifcantly lower conductivity in the cathodic region in compari-
son to the model.

consists of contributions from electrons n, holes p, and
oxygen vacancies V.. With increasing oxygen vacancy con-
centration, the dominant charge carrier species varies from
holes via oxygen vacancies to electrons. To reach the pristine
state, the samples are quenched in an oxygen partial pressure
regime so that oxygen vacancies are the dominant charge
carrier and conductivity is low. During resistance degrada-
tion, oxygen vacancies migrate to the negatively charged
electrode resulting in an oxygen vacancy poor anode region
and an oxygen vacancy rich cathode region.'** Local
charge compensation results in an increased hole and Fe*"
concentration in the anode region, while the electron concen-
tration is increased in the cathode region to compensate the
oxygen vacancies.'>?*?3% The distinct changes in conduc-
tivity are due to the more than seven orders of magnitude
higher electron and hole mobility in contrast to the oxygen
vacancy mobility. For doped or reduced SrTiOj3, both elec-
trons and holes were found to move freely in the conduction
and valence band, respectively.?’~'=* In addition, no trap
states were found in the pristine Fe-doped SrTiO; single
crystal.*® In particular, there is an abrupt increase in conduc-
tivity when [V;'] > 1/2[Fe] since the excess oxygen vacan-
cies are not compensated by iron but by electrons. The
degraded state is reached once the local electron, hole, Fe’™,
Fe*", and oxygen vacancy concentrations establish an equi-
librium state with the local field so that the local conductivity
does not change over time. As a consequence, the oxygen
vacancy profile is expected to be time invariant due to equili-
bration of oxygen vacancy drift and diffusion.

Figure 1 also displays the temperature dependent con-
ductivity values of Fe-doped SrTiO;5 in the degraded state.
The respective concentration of oxygen vacancies in the
anode and cathode region is extracted from the simula-
tions.?” The measured conductivity values for the anode
region are in a very good agreement with the published
defect chemistry,21 while considerable discrepancies are
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observed for the cathode region.'? Determination of con-
ductivity values and resulting activation energy of differ-
ently conductive regions within the samples are introduced
and discussed in this article. Undoped and Fe-doped SrTiO;
single crystals are used to illustrate the capabilities of in-
situ impedance studies. For the specific case of degraded
Fe-doped SrTiOj;, a defect model is proposed which is
capable of capturing the discrepancies of the observed con-
ductivity in the cathode region.

Il. EXPERIMENTAL

Nominally undoped and Fe-doped (0.01 wt. %) SrTiO;
single crystals purchased from MTI Corporation were investi-
gated. The single crystals with dimensions of 3 x 3 x 0.5 mm’
were first annealed in an oxygen partial pressure of 2Pa at
900 °C. After a sufficient equilibration time of more than 15h,
the crystals were quenched to room temperature to freeze in
the established oxygen vacancy concentration. Pt was sput-
tered on both 3 x 3mm? surfaces for planar or 0.5 x 3 mm?
surfaces for lateral electrodes.

In-situ impedance studies were carried out using an
Agilent Precision LCR Meter E4980A. Measurements with
201 data points were taken in the range of 20Hz to 2 MHz
with an ac voltage of 1V. The performed time schedule of
the dc voltage and temperature to obtain the results of this
study is shown in Fig. 2. This includes the measurement of
the temperature dependence of the pristine condition, the
degradation process, and the temperature dependence of the
degraded state. First, the pristine state is studied by increas-
ing the temperature stepwise in the absence of a dc voltage.
Second, the sample is degraded at a constant temperature
and applied dc voltage. The duration of this step depends on
the required time to stabilize the degraded state. Third, the
dc voltage is kept on to prevent recovery'**® and frequency
sweeps are performed while the temperature is gradually
decreased.

lll. RESULTS

The investigation of the degradation process and
degraded state of Fe-doped and undoped SrTiO; is pre-
sented in Figs. 3 and 4, respectively. In Sec. III A, impor-
tant features of the degradation process are discussed, while
Sec. III B is focused on the description of the degraded state

4 | frequency sweep
340 Widd v v b v Vb v )
>% of L_¢.¢ Ll degradation degtr:tc;ed
5 210 pgtsatge process
= 130_,“

t

FIG. 2. Time schedule of dc voltage, temperature, and frequency sweeps to
investigate the pristine state, the degradation process, and the degraded
state.
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FIG. 3. Degradation of Fe-doped and undoped SrTiOj3 in the planar geometry and undoped SrTiO; in the lateral geometry. Degradation is illustrated as admit-
tance as a function of time at a fixed frequency and as an imaginary part of the modulus M” as a function of frequency for select times.
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FIG. 4. Temperature dependent electrical properties of degraded SrTiOj; illustrated as modulus spectra and corresponding conductivity distribution for selected

temperatures.

as a function of temperature. The impedance response as
a function of temperature for the pristine state is not shown
here since it is discussed in detail elsewhere.?!"*%3737
The activation energies of pristine Fe-doped (0.70eV) and
undoped (0.62eV) SrTiO; are in accordance with
literature.*>

A. Degradation process

The degradation process of undoped and Fe-doped
SrTiOj is illustrated in Fig. 3 by plotting the real part of
admittance (conductance) Y’ as a function of time and sev-
eral M"(f) spectra at selected degradation times. The plot of
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conductance as a function of time demonstrates the increase
of effective conductivity in the dielectrics which leads to a
stable degraded state. These plots are equivalent to the typi-
cally shown current density vs. time plots, since both quanti-
ties are proportional at low frequencies. Undoped SrTiO;
exhibits a greater increase in conductivity than Fe-doped
SrTiOs, even at a lower electric field strength.

The plots of M"(f) spectra at selected degradation times,
reveal the impact of field stress on the changes in conductiv-
ity. Degradation of Fe-doped SrTiO; is characterized by the
formation of two differently conductive anode and cathode
regions, which results in two separated M”(f) peaks. The
height of the peak is proportional to the size of the respective
region. It has been demonstrated that the smaller low fre-
quency peak is related to the lower conductive and smaller
anode region."® The second peak is related to the more con-
ductive cathode region. The temporal change in conductance
of each region can be monitored separately by choosing suit-
able frequencies. A low frequency value Y'(f=200Hz) is
dominated by the anode region, while a frequency in
between both M”(f) peaks, such as Y'(f=70kHz), reflects
the cathode properties. As shown in Fig. 3(a), both regions
exhibit a stable degraded state.

Undoped SrTiO3 on the other hand does not split into
two peaks during degradation. There is only a slight decrease
in peak height observed, which can be related to a broaden-
ing of the conductivity distribution. Degradation of undoped
SrTiO; with different dielectric thicknesses and similar
applied electrical field is also compared. Surprisingly, the
thicker sample exhibits a higher increase in conductivity due
to field stress. In addition, the degradation time does not
scale with the distance between the electrodes, which is
observed for acceptor doped SrTiOs,'* but is rather indepen-
dent of the dielectric thickness. It also needs to be pointed
out that Fe-doped and nominally undoped SrTiO; exhibit
similar impurity concentrations. Utilizing laser ablation
inductively coupled plasma mass spectroscopy, all impurity
levels are found below 5ppm except for Ba (~30ppm)
which is, however, isovalent with Sr. The changes in the
electrical properties of Fe-doped SrTiO; compared to
undoped SrTiOj, are thus primarily due to the intentional
doping with iron.

B. Temperature dependent properties of the degraded
state

Subsequent to establishing the stable degraded condi-
tion, the temperature is gradually decreased in 10°C steps,
while the dc voltage is kept on. Figure 4 illustrates the M” (f)
spectra for selected temperatures, as well as the respective
distribution of conductivity. To obtain the distribution of
conductivity, a least squares fit of the real and imaginary part
of the modulus is employed.?? For this purpose, the sample
is matched with a 1-dimensional equivalent circuit model of
100 equally sized slices.** For example, each virtual slice of
a sample with 3 mm thickness represents a region within the
sample with a size of 30 um. The slices are represented by an
ideal RC element, that all exhibit a constant permittivity,
while each conductivity value is fitted simultaneously. The
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details of this procedure are given elsewhere.?” The fit of the
impedance data, however, does not contain information
regarding spatial ordering, so that the conductivity values are
plotted in the ascending order.

The M"(f) spectra of Fe-doped SrTiOj shift to lower fre-
quencies with decreasing temperature. Both modulus peak
heights decrease since the permittivity of SrTiOj increases
with decreasing temperature. The distance between both
peaks, as well as the ratio of both peak heights, however, are
independent of temperature so that the size of both regions
does not change with temperature. The distribution of con-
ductivity determined by fitting reflects this observation.
Moreover, it is apparent that there is no distribution of con-
ductivity in the lower conductive anode region, while con-
ductivity varies by about one order of magnitude in the
cathode region. The oxygen vacancy concentration in the
cathode region is expected to continuously increase from the
coloration front to the electrode interface. Inevitably, the
electron concentration is characterized by the same trend so
that the profile shown in Fig. 4(d) is very likely the actual
distribution of conductivity in the crystal with slice [100]
representing the cathode electrode interface.

Degraded, undoped SrTiO; with planar electrodes is
characterized by one peak shifting to lower frequencies with
decreasing temperature. Similar to Fe-doped SrTiOs, the
peak height decreases due to an increasing permittivity and
the range of conductivity values is about two orders of mag-
nitude. However, undoped SrTiOj is characterized by a sig-
nificantly different conductivity distribution such that only
one modulus peak is observed. With planar electrodes, the
conductivity distribution does not change as a function of
temperature. On the contrary, degraded undoped SrTiO;
with lateral electrodes exhibits drastic changes in conductiv-
ity distribution as a function of temperature. Some regions
exhibit a weak temperature dependence, while others show a
strong dependence, which leads to a splitting of one to two
peaks with decreasing temperature. This behavior has been
observed on a multitude of undoped samples with lateral
electrodes. Currently, there is no complete model that could
describe the degradation behavior of undoped SrTiOs5, which
is why it is very important to study this behavior in more
detail. First of all, it is necessary to evaluate the temperature
dependence of conductivity.

The temperature dependence of the conductivity may be
described by an Arrhenius type behavior with

E
o = agexp (— ,{B—AT) 2)

where o is the pre-exponential factor, kg is the Boltzmann
constant, T is the temperature, and E, is the activation
energy. There are two approaches to obtain the conductivity
values to determine E, of the data shown in Fig. 4. Either
conductivity is calculated using Eq. (1) and the peak maxima
of M” or the fitted distribution of conductivity is utilized so
that each slice can be analyzed separately.

The use of Eq. (1) allows determination of the average
conductivity in each region. It is only applicable if the M"(f)
spectra are characterized by one peak or if the respective
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FIG. 5. Comparison of real part of the capacitance C'(f) for the pristine and
degraded state of Fe-doped SrTiO; at 132 °C. The high frequency part indi-
cates that the relative permittivity does not change with the application of
Vae=40V.

peaks are considerably far apart. Consequently, this method
cannot be used for degraded undoped SrTiO; with lateral elec-
trodes. It is important to note that the permittivity used for this
method needs to be determined at frequencies high enough so
that space charge effects do not affect the capacitance mea-
surement. In case this is not possible, the permittivity value of
the pristine state which is not strongly impaired by space
charges may be used. Especially for SrTiO5 single crystals,
this is applicable as the applied field is low and the permittiv-
ity is not altered by soft mode hardening effects. As an exam-
ple, Fig. 5 illustrates the real part of the capacitance C’ as a
function of frequency. C’ at high frequencies and fixed tem-
perature is not altered due to degradation. The values of ¢, as
well as f; and ¢ in the anode and cathode region of degraded
Fe-doped StTiO5 are given in Table 1. The plots in Fig. 6
demonstrate that the conductivity follows an Arrhenius behav-
ior. The activation energy of degraded Fe-doped StTiO; is
1.00 = 0.02eV and 1.01 =0.02¢eV in the anode and cathode
region, respectively. For degraded, undoped SrTiO3, an acti-
vation energy of 0.63 = 0.02¢eV is determined.

Alternatively, the activation energy of conductivity may
be determined within any slice of the crystal. At this point, it
needs to be recalled that the oxygen vacancy profile of the
degraded state is time invariant. In addition, trends in temper-
ature dependent changes of local conductivity are expected to
be homogeneous. Thus, a specific slice is not expected to
change position as long as the type of ordering, which is here
in any case ascending, is not altered. However, precise fitting
of the conductivity distribution within the crystal is inevitable,

TABLE I. Summary of relative permittivity &, as well as relaxation fre-
quency f, and conductivity of the anode and cathode region for Fe-doped
SrTiO; in the degraded state. The absolute error of the temperature is £1 °C,
while the other quantities exhibit a relative error of 7% (¢,), 3% (f;), and
10% (o).

T (GC) &r () fr anode (HZ) fr cathode (HZ) Oanode (Scmil) Ocathode (Scmil)

211 227 843x10°  3.17x10° 1.1x107° 40x107°
201 231 4.74x10°  1.89x10° 6.1x 1077 24%x107°
191 235 2.83x10° 1.06x10° 3.7%x1077 14x107°
182 240 1.50x10° 597 x10* 2.0x 1077 8.0x10°°
172 245 843x10° 336x10* 1.2x 1077 4.6%x107°
162 250 448x10° 1.89 x 10* 6.2x 1078 2.6x107°
152 255 238x10°  9.46x 10° 34x10°8 1.3x107°
142 261 126x10° 4.74x10° 1.8 %1078 6.9 x 1077
132 267 633x10'  224x10° 9.4x107° 33x1077
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FIG. 6. Arrhenius plot of degraded Fe-doped and undoped SrTiO; with the
planar geometry. The conductivity values are determined by the peak posi-
tion f; of each M" peak.

which implies time-consuming fitting procedures. The deter-
mined activation energy in each slice in conjunction with the
standard deviation is presented in Fig. 7. The basis for this fit
is the data given in Fig. 4. Degraded Fe-doped SrTiO; exhibits
an activation energy of 1.04 = 0.03eV in the anode region,
which is constant similar to the conductivity in this region.
The cathode region (slices 30-95) is characterized by an aver-
age activation energy of 0.99 = 0.09 eV with slight scattering
which might be related to the precision of fitting the conduc-
tivity distribution. Close to the cathode electrode interface, the
activation energy significantly decreases. The average activa-
tion energy of degraded undoped SrTiO; with planar electro-
des is 0.65*0.2¢eV. In this case, scattering is strong and
might be related to the broad conductivity distribution of two
orders of magnitude which is difficult to fit accurately.
Degraded undoped SrTiOs; with lateral electrodes exhibits a
transition between two different activation energies. The
emerging low frequency peak is characterized by an activation
energy of 0.63 =0.02eV, while the high frequency peak
exhibits an activation energy of 0.15 = 0.05eV.

IV. DISCUSSION

The use of in-situ impedance to study the degradation
process of undoped and Fe-doped SrTiO; has revealed cru-
cial differences in spatio-temporal changes of conductivity.
Fe-doped SrTiO; forms two separate M”(f) peaks which can

~16r = Fe-doped SrTiO,
E 141 * undoped SrTiO, planar
> 1.2F A unped SrTiO, Iateral 1.04 eV
§1.0 e T
© 0.8
S 0.6
£04¢
5 0.2]
0.0

slice number

FIG. 7. Plot of activation energy for each slice within the sample, which is
determined from the temperature dependent conductivity data presented in
Fig. 4.
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be understood with current theories,'*'**° while undoped
SrTiOj3 sustains one M”(f) peak throughout the degradation.
Even though the peak shape is crucially different, the inter-
val in which conductivity values are found is with 2
(undoped) and 2.5 (Fe-doped) orders of magnitude similar.
For undoped SrTiOs;, the degradation time does not scale
with the dielectric thickness which suggests that oxygen
vacancy migration is not the limiting mechanism for degra-
dation. Presumably, electric field driven processes such as
charge injection are involved here.*® To highlight the differ-
ent ways the modulus feature may change during degrada-
tion, a simple terminology is proposed which indicates the
number of modulus peaks at different stages of degradation.
The first number indicates the pristine state, while the last
number indicates the degraded state. In this case, Fe-doped
SrTiO3 is of (1-2) type and undoped SrTiOs is of (1-1) type.
Degradation characterized by only one M”(f) peak and thus
(1-1) type was also found for Mg-doped SrTiO5% ceramics
and Fe-doped BaTiO5” single crystals. However, up to now,
there is no published model that could explain the observed
behavior since oxygen vacancy migration is always expected
to result in an oxygen vacancy poor and an oxygen vacancy
rich region with different conductivities. There is also a third
variation found for Mg-doped BaTiO5; which shows the tran-
sition from one to two and back to one M"(f) peak (1-2-1).*°
It turns out that the degradation behavior of mixed ionic con-
ductors can be classified based on the number of modulus
peaks observed during degradation. Currently, the types
(1-1), (1-2), or (1-2-1) are known, but further categories may
exist. The type of category a material belongs to evidently
depends on the dominant impurity type and its relevant
defect position within the band gap. When comparing the
above-mentioned material systems, only the defect levels of
Fe in SrTiO; appear to be suitable to form both a stable hole
dominated anode region and a stable electron dominated
cathode region.

The evaluation of the temperature dependent conductiv-
ity of the degraded state was carried out with conductivity
values obtained by the modulus peak position and fitted con-
ductivity values in respective slices. Both approaches
resulted in comparable activation energies. The latter results
in a higher scattering of the activation energy value due to
the required high precision of fitting the conductivity distri-
bution. However, this process allows to gain information
about samples that are not characterized by modulus peaks
that are unambiguous to determine. This is in particular,
valuable for degraded undoped SrTiO; with lateral electro-
des. Two regions with different activation energies were
identified. One region exhibits a low activation energy of
0.15eV. This value is close to 0.1eV, often found for small
polaron conduction®*™* and suggests a strong impact of
Ti* " states on the charge transport. The other region is char-
acterized by an activation energy of 0.62 eV, which reflects
the properties of degraded undoped SrTiO5; with planar elec-
trodes. More importantly, the value of 0.62eV is identical
with the activation energy of the pristine state, which sug-
gests that oxygen vacancies also play a crucial role in charge
transport of the degraded state. However, a major contribu-
tion of oxygen vacancies in the degraded state is excluded
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since the established time invariant conductive state suggests
no further migration of ionic species. Moreover, two orders
of magnitude higher conductivity in the entire degraded sam-
ple would require an increase of the total oxygen vacancy
concentration of two orders of magnitude which is also
unreasonable. Most likely, the similarity of activation energy
for oxygen vacancy migration and the degraded state of
undoped SrTiOj; is only a coincidence and the true origin of
charge transport in the degraded state is currently unknown.
To understand both, the activation energy of 0.15eV and
0.62eV of the degraded state, further investigations will be
necessary. However, detection of these former unknown acti-
vation energies illustrates the importance of in-situ imped-
ance studies with applied dc voltage to unravel the
mechanism dominating the degraded state. This is particu-
larly important since there are many indicators that field
driven oxygen vacancy migration alters the properties of
mixed ionic conductors which are not implemented in
modeling efforts. Possible consequences are the dissociation
of defect complexes that exist in the pristine state,>>*343
charge injection due to Schottky barrier lowering,***¢ local
strain,*®*"° and formation of additional defect types such
as Jahn-Teller distortions in the anode region,30’5 ! and reduc-
tion of titanium in the cathode region.?>***-3>

Finally, the specific case of degraded Fe-doped SrTiO;
illustrated in Fig. 1 is discussed. Using in-situ impedance
studies with applied dc voltage, an activation energy of
1.00eV is determined in the anode region. This is in very
good agreement with earlier studies utilizing polarization
experiments which found an activation energy of 1.01eV in
the respective temperature range.”’

The magnitude of conductivity in the cathode region of
degraded Fe-doped SrTiO; obtained by in-situ impedance
studies with applied dc voltage, however, is significantly
lower than expected by equilibrium state studies. This sug-
gests that not all electrons that are necessary to compensate
the oxygen vacancies in the cathode region can be found in
the conduction band where they are free to move.
Temperature dependence of conductivity is not phonon con-
trolled, but shows a rather strong increase with increasing
temperature which suggests the existence of an additional
defect level. The determined activation energy is 1.01eV
which is very close to the one found in the anode region.
However, the origin is expected to be different since the col-
oration front which separates the anode and cathode region
implies a distinct change in the Fe® "/Fe*" ratio, which indi-
cates a change in Fermi energy. The most reasonable expla-
nation is that the activation energy of the anode region refers
to the distance of a defect level (Fe’"/Fe*") to the valence
band, while the activation energy of the cathode region cor-
responds to the distance to the conduction band. Up to now,
there is no report in the literature about the second type of
defect. It is, however, very likely that the defect responsible
for the activation energy in the cathode region is linked to
the existence of iron in SrTiOj since the activation energy of
degraded undoped and Fe-doped SrTiOs differs consider-
ably. Options could be the reduction of iron to Fe*" or a pos-
sible Fe related defect complex.™ ¢
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Utilizing the acceptor levels presented above, a new set
of equations can be compiled to obtain the equilibrium
Fermi level position and concentration of charged defects as
a function of oxygen vacancy concentration. The product of
electron and hole concentrations is calculated via the band
gap E, and density of states in the conduction and valence
band. In addition, charge neutrality is presumed. It is
assumed that the concentration of all defects is fixed and
charge states can only vary depending on the Fermi level
position. The charged defect concentration is determined by

1

Exni —Ep\’
1+gA€Xp (W)
B

Ny; = Nai (3)

where g, =4 describes the ground-state degeneracy factor
for acceptor levels,”” No; =Nas=[Fe], Ex; = 1.00eV, and
Ex»=E,—1.01¢eV. The results are shown in Fig. 8 with an
emphasis on the cathode region since the anode region has
already been shown to match. The above model considers
oxygen vacancies and electrons and holes in the conduction
and valence band as conductive. These type of electrons and
holes are indicated as 7. and pge.. Considering only elec-
trons in the conduction band, the electronic conductivity falls
below the oxygen vacancy conductivity. Alternatively, the
contribution of the electrons ny,, trapped by the defect
~1 eV below the conduction band may be included by a hop-
ping process with u=4.5x 10° exp(—1.01eV/kgl) cm’
V~!'s™!. Thus, the hopping mobility at the degradation tem-
perature p (T=210°C)=1.3 x 10~ cm® V" 's™' is signifi-
cantly lower than the free mobility, but due to the
considerably higher charge carrier density the measured con-
ductivity is matched. It is therefore proposed that trapped
charges characterized by a hopping mobility define the con-
ductivity of the cathode region. The model fits the tempera-
ture dependent conductivity as shown in Fig. 8. Modeling of
the degradation process with the new defect set will be pre-
sented separately. It needs to be mentioned that the possibil-
ity remains that the assumption of two fixed defect states is
still too simplistic, and in fact, an ensemble of impurities,
and their respective concentration and defect level position
need to be considered. Irrespective of that, the model

line: model  symbol: experiment
_10° F—=T=211°C :
p [ =—T=172°C 1
3 =—=T=132"°C
g 10°[ L. ]
L L P J
2 [V:]<1/2[Fe]
£ " .
% 10 © VO— ]
S e — -
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FIG. 8. Plot of conductivity as a function of oxygen vacancy concentration
that considers an additional defect contribution in the cathode region.
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mentioned above is the first one to describe the conductivity
of Fe-doped SrTiO; within the entire degraded crystal.

V. CONCLUSION

The method of in-situ impedance studies with applied
dc voltage permits the study of the distribution of local con-
ductivity during degradation and at the degraded state as a
function of temperature. In particular, the application of a dc
voltage during the investigation reflects the conditions of a
device in use and field driven effects that can be incorporated
into the analysis. The degradation process of undoped and
Fe-doped SrTiOj; revealed crucial differences in the local
conductivity distribution visible by the number of modulus
peaks. Fe-doped SrTiO; belongs to the type (1-2) which
shows a splitting of one peak into two peaks. Undoped
SrTiO3, however, belongs to the more common (1-1) type
which does not show peak splitting. It is expected that classi-
fication of various materials into different types will allow to
study degradation more systematically in future.

Two approaches have been presented to determine the
activation energy of degraded SrTiO3. The activation energy
of degraded Fe-doped SrTiOj3 in the anode region confirmed
the findings of earlier studies, while the following activation
energies have been determined for the first time. The cathode
region of degraded Fe-doped SrTiO; exhibits an activation
energy of 1.01eV and the new defect model based on an
additional acceptor type trap has been presented. In
degraded, undoped SrTiOs, activation energies of 0.63eV
and 0.15eV are found. The latter suggests a major contribu-
tion of Ti*" to charge carrier transport, while the former
clarifies that charge transport in degraded, undoped SrTiO;
is crucially different to degraded Fe-doped SrTiO;. It is
anticipated that expanding the analysis to a wider range of
materials will advance the understanding of resistance degra-
dation mechanisms considerably.
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