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Abstract. The field enhanced average conductivity in grain boundary space charge depletion layers in acceptor-
doped SrTiO5 ceramics was investigated by impedance analysis in the time domain. The dependence of the grain
boundary conductivity on the acceptor concentration, the temperature and the field dependence are discussed and
interpreted in terms of a Schottky diffusion model combined with the influence of accumulated oxygen vacancies

at the GB interface.
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1. Introduction

Charge transport across grain boundaries is a well
known subject of investigation for a variety of
ceramic materials which exhibit ionic conduction,
electronic conduction or mixed ionic-electronic
conduction. In a broad range of these materials the
grain boundary acts as a barrier for the cross-transport
of charge carriers. In perovskite-type titanates, the
barrier character is especially pronounced in the low
temperature regime which is the common working
regime of high permittivity dielectrics such as
acceptor-doped titanates used for multi-layer capaci-
tors (MLCs). Due to the continuous trend of
miniaturization for these devices and for unaltered
operating voltages the dielectric is subjected to higher
field stresses. For instance, an applied operating
voltage of 15V at a capacitor with an inner thickness
of 5 um leads to a field stress of 3 MV/m. Under these
high fields the grain boundary conductivity exhibits a
field enhanced current across the barrier leading to a
reduced life-time due to the effect of resistance
degradation. This component related problem is the
motivation for a closer look at the grain boundary
(GB) barriers in acceptor doped titanates.

The residual low-field conductivity within the
grain boundaries (width: up to 100nm) of typical

acceptor-doped alkaline-earth titanate ceramics was
found to be below 107'' S/m in the operating
temperature  regime of MLC  components
(T <400K) [1]. As described in detail in our
preceding papers [1,2], the GB barrier is usually
caused by positively charged, donor type GB states
oppositely charged compared to the acceptor dopant
centers in the bulk. This causes a depletion of the
mobile carriers such as oxygen vacancies and holes in
the vicinity of the grain boundary. These GB depletion
space charge layers are described as back-to-back
double Schottky barriers.

In the present paper, we report on the conductivity
in the GB space charge layer, o5, and its dependence
on the electric field strength. The influence of a broad
variety of external and material parameters will be
discussed. It will be pointed out that ogp is an
averaged conductivity across the space charge layer.
We have restricted our study to the low temperature
regime (T' < 650 K) in which no equilibration with the
oxygen partial pressure of the ambient atmospheres
takes place within reasonable measuring times due to
the slow kinetics of the oxygen exchange reaction via
the sample surfaces [3,4].

In section II, we describe the sample preparation
and the measuring techniques. An overview of our
recent results for the low-field GB conductivity will
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be given in section III. A general survey of possible

mechanism of known nonlinearity effects for the

electrical conductivity is outlined in section IV(1).

Experimental data of the high field GB conductivity

are presented in section IV(2). A Schottky diffusion

model for the GB characteristics in acceptor-doped

SrTiO5; ceramics is introduced and detailed in the

following section (section IV(3)). The dependence on

the temperature, the acceptor concentration and
especially the field dependence of the GB conduc-

tivity are discussed and interpreted in section IV(4)—

(5).

With respect to the future development of MLCs
towards higher capacitance-to-volume ratios espe-
cially by decreasing the dielectric thickness between
the inner electrodes, two essential aspects of the
conductivity in the GB space charge region, op, have
to be considered:

(1) It is known that the insulation resistance of
titanate ceramic components decreases reversibly
under electrical fields exceeding a critical value
[21]. This critical value is well below the break
down strength, Epp, under which the irreversible
destruction of the component takes place. As will
be confirmed and elaborated in this paper, the
reversible field-stimulated enhancement of the
conductivity is obviously restricted to the GB
space charge region.

(2) The life time of components based on acceptor
doped titanate dielectrics under dc field stress is
limited by the long term resistance degradation
(see [6] and references cited therein) caused by a
re-distribution of the oxygen vacancies between
the electrodes. The ionic portion within the
conductivity osp determines the kinetics of this
degradation [21]. The ionic and the electronic
contributions to the field enhanced charge trans-
port across GB barriers will be identified in the
present paper.

II. Experimental

The same acceptor-doped SrTiO; ceramic samples
were used as in the experiments of the preceding
paper [2]. Discs of 125 um, 250 um, and 500 um
thickness were cut, lapped and polished and elec-
trodes of NiCr alloy and Au were applied by
evaporation.

We have used the voltage step technique, described

in our preceding paper [2], covering a voltage range
from 1-1000V and a temperature range from 390-
650K. After every voltage step measurement, at a
certain temperature and before applying an increased
voltage, the sample is refreshed with a voltage cycle.
To remove a possible accumulation of oxygen
vacancies at the GB barrier due to the measurement,
we apply the same but reverse voltage for the
measurement time to the sample.

Figure 1 shows the results of dc voltage step
experiments at 573 K and different field strengths E
for 0.2 at% Ni-doped SrTiOs;.

According to the brick-wall model used in Ref. [2],
the ceramic can be described by an equivalent
network consisting of a bulk branch (B) and a grain
boundary branch (GB), each branch represented by an
average capacitance (Cgp > Cp) and resistance
(Rgp > Rp), i.e., the equivalent circuit means two
parallel R—C circuits in series.

The log-log scale in the time-domain diagram of
Fig. 1 reveals two conductivity values, the short-term
conductivity o,:=0(t —0) and the long-term con-
ductivity ¢;:= o(t — c0). The short-term conductivity
g, is approximately equal to the bulk conductivity op
provided the average grain size d,, is much larger than
the GB space charge layer width dgp and provided the
charge transport along the grain boundaries is small
compared to the charge transport in the grains, which
applies to our ceramics. After the completion of the
Maxwell-Wagner polarization (i.e., in terms of the
network model, the large capacitance Cgp is
completely charged through the small resistance Rp
and R,,,=Rgp+ Rp) the leakage current is deter-
mined by the total long-time resistance of the ceramic
disc. As pointed out in our preceding paper [1], the
GB conductivity can be obtained from the plot in Fig.
1 as follows:

0;°0p
ST TR
¥ Dgg : dp

This equation is independent of the electrode area A
and the thickness d,,, of the sample disc as required.
The relation dg. > dgg remains valid in all our
samples independent of the field-strength leading to

d .
O @)
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In the low-field case and for most high field cases,
o) <€ g, as revealed by Fig. 1. Applying this fact
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Fig. 1. Tllustration of the dc voltage step measurement (|J/E| vs. time on a log-log scale) of 0.2 at% Ni-doped SrTiO; at T=573K at
different applied voltages. The samples were annealed at Pof" = 10° Pa at 973K.

together with op~o, Eq. (2) results in the
approximation

~

oy d,,

968, 9os (3)

As unequivocally demonstrated by Fig. 1, the short-
term conductivity o, and, hence, the bulk conduc-
tivity op~oy; is completely independent of the
external field strength E. The Maxwell-Wagner
relaxation time 7 given by

T :RB'CGB (4)

is obtained from the plots of the time-domain
measurements at times clearly before the field
enhanced splitting of the curves occurs. Hence, the
space charge layer width dgp is almost field
independent as long as the occupation of the charged
interface states is not affected by the external field
[10]. The voltage independence of the Maxwell—

Wagner relaxation time t implies a voltage indepen-
dent capacitance Cgp. A voltage dependence of Cgp
would arise from the GB interface charge Qgp as a
function of voltage and, hence, as a precondition,
partially filled interface states. Our measurements
obviously show no field-dependence of Cgsp, which
leads to the assumption that the interface states are
completely filled. The field dependence of the long-
term conductivity oy, in accordance with the Eq. (3),
shows in good approximation the field dependence
of the GB conductivity ogp, as discussed in
section IV.

III. Low Field GB Conductivity

In this section, we describe the main properties of the
ohmic, low field GB conductivity as described in
detail in our recent paper [1].
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Fig. 2. Simulation of the temperature dependence of the GB-conductivity of 0.1 at% Ni-doped SrTiO; [1] with different concentrations of
the charged donors at the GB-interface [Dy;]. The low slope results from a ““V’-profile of g, (low [D,], inset B) of o (x) and the high

slope is determined by a ‘“W"-profile of a,,, (high [Dg,], inset A).

The most important feature to be emphasized is
that the effective GB conductivity is determined by
two different profiles of the local conductivity across
the GB space charge region, depending on the
temperature. At low temperatures, a so called V-
type profile dominates, built up by the hole
concentration which decays within the grain boundary
region with a steep slope in a logarithmic scale. The
average GB conductivity is determined here by the
minimum conductivity @,,;, (see inset B in Fig. 2).
The GB barrier will increase in this V-type region
linearally with temperature due to the validity of
Curie—Weiss law for the dielectric constant ¢, (see Eq.
(9)). At higher temperatures, the effective positive
charge of the interface states will be reduced by
electrons, whose concentration rises within the grain
boundary due to the law of mass action n+p = k(T).
This effect stabilizes the GB barrier at 1.8eV and
decreases slowly with increasing temperature. If the
concentration of electrons becomes larger than the
hole concentration, the V-type profile of the GB

conductivity is succeeded by a so called W-type
profile [1,27]. Both conductivity profiles are time
independent (i.e., in thermodynamic equilibration)
and the profiles are sketched in the insets of Fig. 2.
The temperature dependence of the GB conductivity
within the temperature range where the V-type profile
is applicable, is given by an activation energy equal to
the difference between the Fermi level and the valence
band due to the dominating hole conductivity at the
grain boundary. The average GB conductivity for the
W-type conductivity profile, where the inversion of
electrons takes place, is determined by the two
conductivity minima o¢,,, (see inset A in Fig. 2)
which occur at positions, where the electron con-
ductivity equals the hole conductivity with ¢, = 0,,.
Hence, the activation energy for the temperature
dependence of the W-type profile GB conductivity is
determined by half the band gap energy of SrTiO;
W,=1.6€V).

The simulation shown in Fig. 2 fits the experi-
mental results well and also explains the dependence
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of the GB conductivity on acceptor concentration and
oxygen partial pressure during equilibration.

IV. Results and Discussion

(1) Charge Transport across Barriers:
Known Phenomena

In this section, we discuss phenomena which lead to a
field dependent electrical conductivity with applic-
ability to dielectric ceramics.

Tunneling effects take place at a potential barrier,
whose width is clearly below 10nm. Tunneling is a
well known effect in SiO, based materials used as
modified MOSFETs for non-volatile memory devices
[10]. Emission of charge carriers across the potential
barrier by the temperature-independent Fowler—
Nordheim tunneling takes places if the tip of a
potential barrier is sufficiently narrow (< 5nm) and
energetically high. It is a temperature independent
process which has been observed at Au/Si3N,4/Si and
Au/Si0,/Si contacts [10]. The band structure and the
temperature dependence do not suggest Fowler—
Nordheim tunneling to be significant at grain
boundaries in our titanate ceramics. Due to the
essentially temperature independence of the Fowler—
Nordheim tunneling, it dominates only at tempera-
tures far below room temperature and is succeeded at
higher temperatures by other temperature activated
and field enhanced current effects.

Such an effect is Poole—Frenkel emission due to
field enhanced thermal excitation of trapped electrons
into the conduction band, i.e., by a local increase of
the carrier concentration within the bulk due to de-
trapped electrons. In acceptor-doped titanates the
deep acceptor levels are approximately 1 eV above the
top of the valence band (bandgap energy of SrTiO3
approx. 3.3eV). Decreasing the potential barrier by
e.g., 0.05eV, an electric field strength of
E&% =107 — 10° V/m acts on the depletion layer
according to the formula [10,11]:

ext
AD = || 9Ecb. (5)
TeoéGa

The nonlinear behavior of ogp in acceptor doped
SrTiO; begins already at fields of approximately

EZ = 107 V/m [7], hence the Poole—Frenkel effect
must be considered for our samples.

The Poole—Frenkel effect is a bulk effect and is
well known when describing insulating layers such as
SizN, isolating metal electrodes (Au) from semi-
conducting materials (Si) for diode purposes. The
resulting nonlinear conductivity can be described in
terms of the field enhanced lowering of the trap barrier
®,,,,, on the order of A® (see Eq. (5)):

(Dtrap - AD
06p = Ou(T) - exp *CIT (6)

where o, is the undisturbed conductivity without
traps. If A® is equal to the trap depth ®,,,, no charge
carriers will be trapped and the nonlinear behavior of
the GB conductivity reaches the saturation value. For
our samples, the saturation value for gA® obtained
from Eq. (5) is about 30 meV using a saturation field
strength of 5-107 V/m as obtained from our measure-
ments. A simulation using Eq. (6) shows a good fit
only with a trap energy of g - ®,,,=80meV and a
higher field strength than the calculated averaged Egp
(one order of magnitude). This trap depth is very
small and cannot be explained in terms of trapped
holes by charged acceptors, which are known to be
about 1eV above the valence band. Such a small
energy of 80 meV is only observed for the oxidation
enthalpy to form trapped holes by equilibration of the
ceramic with a given oxygen partial pressure during
annealing [8]. This shallow trap energy can be
applicable for oxygen vacancies trapped at negatively
charged acceptors. This effect can play a certain role
due to the fact, that not all oxygen vacancies
contribute to the dominant ionic conductivity as
predicted by the vacancy compensation [5] and hence
by the acceptor concentration. A possible explanation
is the trapping of these oxygen vacancies by charged
acceptors. Sufficiently high field stresses which can
be found within the depletion zone can release these
charge carriers in terms of the Poole-Frenkel effect.

At the electrode interface in electroytes, a strong
dependence of the discharge rate of ions on an
external applied voltage drop, which differs from the
equilibrium potential drop, is observed. This phenom-
enon is described by the Butler—Volmer equation [12]
considering a linear varying electrical potential within
a small sheet (one atomic-layer) built up by the
solvated ions near the electrodes superimposing the
Gibbs activation energy for charge transfer to the
electrode. A similar effect describing the thermal
activated charge transport over an extended potential
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barrier in solids is known as Schottky emission. In this
model the thermionic emission current depends
strongly on the applied field as pointed out in section
II1(3).

A refined Schottky emission model was used by
Pike and Seager [15] to explain the super-ohmic
behavior of common polycrystalline semiconductors
such as Si. In these materials, the energy distribution
of the densities of interface states Nz was found to
affect the voltage AVsp at which the enhancement of
the conductivity sets in. The mean free path / of the
charge carriers in semiconducting Si is larger than
dgp, hence the transport across grain boundaries is due
to the thermionic emission (real Schottky emission).
In our dielectric SrTiO3 samples the mean free path of
the oxygen vacancies and the holes are in the order of
the lattice parameter, i.e., they are much smaller than
the GB space charge layer width leading to a hopping
of the electronic carriers in accordance with a
diffusion model which must be considered.

The electronic charge transport in acceptor doped
SrTiO3; must be described in terms of polaron hopping
[16]. Despite this, polarons show under sufficient high
field stress a strong decreasing of their mobility [17].

Although the grain boundary conductivity ogp
rises under high field stresses, it clearly remains below
the bulk conductivity op (see Fig. 1) as long as
resistance degradation does not set in, resulting in a
virtual field free bulk not affected by increasing field
strengths.

Integration of the total charge profile, i.e., the space
charge and the GB charge p(x) = pa(x) 4+ eoNga(x)
with p4(x), the space charge concentration caused by
the ionized acceptors and Ngp(x), the charged inter-
face concentration, leads to the following build-in
field profile obtained from the Poisson equation
without application of an external field:

1 +ng
J p(x)dx
Eher:]

= E;(x) + Egp(x) ™)

E"(x) =

7d(7;5

where E, represents the contribution due to the
space charge profile ps(x) and Egp the contribution
due to the charge Qgp in the GB plane. Without an
external applied field dg, = djp = dgg/2 (see Eq.
(17)) is valid.

Without applying an external field, the slope of
E”(x) causes a symmetrical band bending downwards
as described in [2]. For a 0.1 at% Ni-doped SrTiOj;

ceramic a maximum local field-strength at the grain
boundary (without an external applied field)
EY,. = EYp(x = 0) of approx. 2+ 10’ V/m is obtained
from the measured data.

In Fig. 3, 6p is shown as a function of the external
field E=U/D, where U is the applied voltage and D
denotes the overall sample thickness, measured at
different temperatures. Due to the fact that Ry < Rgp,
nearly the whole field strength is concentrated in the
grain boundary region and the bulk can be regarded as
virtually field free. The field strength at the grain
boundary EZ}, resulting from the external applied field
E*' (without local, intrinsic field) can be obtained
from the following equation as a formal average
value:

. 1 dgr Xt
averaged field: Egp = —— -E*
dep
d,,
_8& .y (8)

:D.dGB

where d,, denotes the average grain size, which is in
the range of 2-22 um for our sample series (see Table
1 in Ref. [2]). With an average GB depletion layer
width dgp of about 100 nm the field strength at the
grain boundary EY, is about 1-2 orders of magnitude
higher than the external applied field strength E¢*.

The average electrical field stress E=V/D is
included as an additional abscissa to E&j in Fig. 3.
The average voltage drop per grain boundary as
calculated by AVgg = (d,,/D)+V can also be obtained
from dividing the externally applied voltage by the
average number of grain boundaries between the
electrodes. At a low voltage drop, i.e., the field across
a GB depletion layer E&S = Vig/dog <ED.., o6p
exhibits an ohmic behavior. If EZ} reaches the order
of magnitude of E% , g5p starts to enhance strongly
with increased voltage. This field enhanced con-
ductivity regime is succeeded at very high fields by a
slightly sub-ohmic regime. An investigation towards
even higher fields is limited by the resistance
degradation. While the time constant t of the
Maxwell-Wagner polarization turned out to be field
independent as described above, the time onset of
resistance degradation, tzp, is shifted to shorter
times with increasing field, tzrp~E~" with
n=1.5...2.5[6]. When tzp is in the same order of
magnitude as 7 or even below, ogp can no longer be
detected.
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Fig. 3. Field dependence (external applied field E =V/D, where D denotes the overall sample thickness) of the GB-conductivity o for
0.1 at% Ni-doped SrTiO3 measured at different temperatures (T=422K (H), T=453K (@) and T=513K (A)) and r=300s. Solid
curves: numerical results obtained from Eq. (14). At high fields the resistance degradation can be seen.

(2) Nature of the GB Conductivity in Acceptor
doped SrTiO;

Evidence supporting the predominant -electronic
nature of ggp is given by the concentration profile
of the mobile charges in the depletion layer. As
revealed in [2], the oxygen vacancy concentration
decays in much steeper fashion from the bulk into the
depletion layer than the corresponding hole concen-
tration profile. The double positive charge of the
oxygen vacancies results in an electrical repulsive
force due to the positive charged interface states
which is twice the force acting on the single positively
charged holes.

In Fig. 3, the nonlinear range can be characterized

by a nonlinearity coefficient o :=d(log I)/d(log V).
The ohmic range in the low field regime (z=1) is
followed by the super-ohmic range with a-values of
approximately 2. This is clearly below the n-
conducting ZnO-Varistors having «-values of 50 and
higher [13]. Increasing the voltage Vp the varistor
regime is followed by a subohmic regime in which the
maximum value of o5 does not reach the value of the
bulk conductivity, in contrast to semiconducting ZnO
varistors. This suggests that the potential barrier has
not completely vanished. The experimentally deter-
mined, averaged low field GB conductivity ogp is 3—+4
orders of magnitude below the bulk conductivity and
the high field GB conductivity in the high field ohmic
regime a}gB, is 2-3 orders of magnitude lower than the
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bulk conductivity. Hence the barrier of the grain
boundary is still there and only somewhat decreased.
This fact is an important key towards finding an
explanation for the field enhancement of the GB
conductivity in acceptor doped SrTiOs.

Since the ohmic regime of g in the low field case
is supposed to be predominantly electronic, the
varistor-like behavior under high field stresses can be
explained by the Schottky diffusion model for the
current which will be outlined in the following section.

(3) The Schottky Diffusion Model

For our model of the space charge depletion region we
have made the following simplifying approximations
[2]: (1) a depletion region with a box type profile, (2) a
plane two-dimensional interface with charge QEB, and
(3) a spatially homogeneous acceptor concentration.
The barrier height ®gp is a function of the voltage
drop Vgp. For one acceptor type with an energy level
AW, above the valence band Wy, one obtains [13,15]:

Vo2
D (Vi) = Pgp(Vap = 0)( 1 — =2
40,5

with ©))

th
Ocs

®., —_ <GB
@ 8eoegpelA’]

The interface states are assumed to be treated as
narrow energetically distributed, shallow donor
states. Due to the acceptor doping, the Fermi level
is around the acceptor level (2eV below the
conduction band), hence the interface states must be
regarded as completely unoccupied.

Equation (9) depends strongly on the positive
interface charge QEB which seems to be independent
of the voltage drop over the barrier for Ni-doped
SrTiO3 and, hence, the quasi Fermi level will not
reach the shallow interface donor levels in the field
enhanced GB conductivity regime. The diffusion
theory by Schottky described in Ref. [10] is derived
from the following assumptions that (1) the built-in
barrier height is much larger than k7, which is valid
for our temperature range (400-650K), (2) the effect
of hole collision within the depletion region is
included, (3) the hole concentrations at x = — dgp/2
and x= +dgp/2 are unaffected by the current flow
(i.e., they have their equilibrium values), and (4) the
impurity concentration of the conducting ceramic is

nondegenerate. Since the current in the space charge
depletion region depends on the local field and the
concentration gradient, the following equation for the
current density takes place:

p

jiat =4 p()()‘[l,p'E(X) + Dpa (loa)

with

Jior R Jp >de (V-profile) (10b)
where ¢=1.6-10"" C and D, and p, are the hole
diffusion constant and hole mobility, respectively.

Using the Nernst-Einstein relation one obtains from
Eq. (10a):

qp(x) 0@(x)  Op
kT  Ox +& (11)

Jrot = qu -

a without bias

W d

GB | We
donorlikev qq)GB_I_
interface P"

states

VT Tawe VT We

b biased

i
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Fig. 4. (a) Plot of the band-bending without bias calculated by
defect chemical calculation at 7=500K. (b) Sketch of the
influence of a voltage drop Vs across the grain boundary.
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Applying the boundary conditions for acceptor doped
SrTiOj; for the left (anode) and the right (cathode)
side of the grain boundary (see Fig. 4b)

q®d (x = —d263> = —AWg (12a)

and

2

- dg — _ dgp
—A
:Nv'exp( k;VF> (13)

with AWy as the difference between the Fermi level
Wp in the bulk and the top of the valence band Wy,
(see Fig. 4a) and Ny as the density of states at the
valence-band. Together with the expression of the
band bending for samples without bias

21\
00) = a1~ 3] for < doy2
GB

(14)

q(D(x = —&—dﬂ) = —AWp — gV (12b)

and

one obtains a term for the Schottky diffusion current
over a double Schottky barrier in accordance to Ref.
[13]:

: . —4qV,
.]schoftky = Jsp |:1 — exXp <k—TGB):| (15)

with Vgp as the voltage drop across the grain
boundary (see Fig. 4b) and the saturation current
density jsp:

. _ [#DNy [q[A]
Jsp kT

'80°dGB(VGB)}
€GB

() BN

Equation (15) is valid in general for a current across a
double Schottky barrier as known from ZnO-
varistors, but Eq. (16) is only applicable for our
acceptor-doped SrTiO3 due to the special boundary
conditions in Eqs. (12)—(14). The voltage dependent
GB depletion width is given by:

_ 28¢
dgp(Ugp) = dgp(Ugg) + QO L |Ugg|
GB

(17)

GinUan) = ot (V) )

with

dgp = dgp(Ugg) + dgg(Ugp) # f(Ugp)
(19)

Equations (17) and (18) are known from metal-
semiconductor contacts [10] and describe the voltage
dependent depletion width in the semiconductor. For
our material, Eq. (17) shows a slight increase of the
depletion region on the cathode side and Eq. (18) a
decrease on the anode side due to hole conduction.
Equations  (15)—(19) are only valid for
Ugs < ¢ga(Ugp). The total sum of both sides
(=dgp) is voltage independent for low and medium
field stresses due to the electroneutrality conditions,
which are still valid.

Equation (15) shows, in the small signal regime, an
ohmic behavior (¢Vgp > kT) of ogp followed by a
nonlinear characteristic which finally leads to a
saturation of the current at sufficiently high fields
which is not equivalent to a vanishing of the barrier.
The critical field strength E.;;~ 10’ V/m, where the
nonlinearity for our samples starts, has the same order
of magnitude as calculated from Eq. (16) and the
nonlinearity part fits well with the measured curve
(see lines in Fig. 3).

Nevertheless, we must take into consideration that
Eq. (16) is only applicable as long as the expression
DO — Ugp >0 is fulfilled. @ — Ugp =0 is equiva-
lent to a flatband condition when o5 becomes equal
to op. This is obviously not observed in our acceptor
doped titanates.

Equation (16) is only valid for the temperature
range up to 700 K, where the V-type GB conductivity
profile is applicable (see our recent paper [1]). The
inversion of the electron concentration within the
depletion zone resulting in a W-type GB conductivity
profile includes an additional degree of complexity in
Eq. (16) which changes the behavior of the barrier
height g in Eq. (9) where Qg must be replaced by
the effective positive charge at the interface

with n as the electron concentration within the grain
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boundary (for n(x) see medium of the W-profile in
Fig. 2, inset A). In Eq. (16), a V-type profile is
assumed due to the structure of the band bending and
the equation contains no information about a
concentration enhancement of minority charge
carriers such as electrons.

If we take a closer look at the field-enhanced long
term conductivity in the time domain where the
saturation regime appears and the barrier ®gp is
lowered (Fig. 3) and two differences in the voltage
step measurements compared to the low and medium
field regime are seen, where a pronounced Maxwell—
Wagner relaxation is obvious. The relaxation time 7 is
changed to slightly lower values meaning a decrease
of the GB capacitance Cgp=1tr/Rg. The small
decrease of the GB capacitance implies a slight rise
of the amount of Qs and hence an increasing of the
barrier height ®sp. A possible explanation can be
seen in Fig. 6a, where the field dependence of the
depletion region on the anodic side d}, and the barrier

height (Fig. 6b) is simulated. In the small and middle
field region, the depletion region on the anodic side is
nearly voltage independent. At a certain field strength,
falling together with the second high-field plateau, the
depletion zone shows a rapid shrinkage. At this field
strength the barrier height is not vanished (see Fig. 6b)
and acts further on as a barrier for the oxygen
vacancies. This accumulation of oxygen vacancies
within the small depletion zone on the anodic side
(several nm) leading to an increasing of the barrier,
itself supressing the Schottky diffusion current of
holes over the barrier. This mechanism can explain
the selfstabilizing of the barrier.

We must remember, that the charge accumulation
at the grain boundary is not completed before a new
voltage is applied to the sample due to the refresh
cycle mentioned in section II. Hence, a possible
resistance degradation described in detail in Ref. [6] is
prevented which is obviously seen in the unchanged
short term conductivity at the higher voltage.
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Fig. 5. A more detailed examination of the voltage step measurement results for 0.2 at% Ni-SrTiO;z at T =424 K. Focus on the semi-

saturation regime at sufficiently high field stresses.
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Fig. 6. Simulation of the (a) voltage dependence of anode sided
dZp and (b) field dependence of the barrier @5 for different Ni-
acceptor concentrations at 7=423 K. The barrier profile is only
valid as long as the value for d;,; does not vanish. If the df;,
value becomes below 1 nm, the barrier stabilization due to oxygen
vacancies must be considered.

In Fig. 3 and Fig. 5 it can be seen, that the
resistance degradation influences the GB-conductivity
at slightly higher field stresses after the pinning or
decreasing of the barrier has appeared. This is clear
because an accumulation of oxygen vacancies leads to
a new defect chemistry equilibrium enhancing the
electronic charge carrier concentration [6]. Hence, the
occurrence of the semi-saturated, field enhanced GB
conductivity is a symptom of the resistance degrada-
tion, which starts at slightly higher field stresses and is
also an important indication that the accumulation
theory is applicable.

(4) Effect of Temperature

The temperature dependence of the low-field con-
ductivity is dominated in Eq. (16) by the exponential

term:
. —qPgp(V) . —AWg
Jsp X exp (7kT exp —kT

(21)

The GB barrier height is temperature dependent due
to the Curie—Weiss behavior of the dielectric constant
&

C
= ith C=78,000K
€GB T— TC W1 s

and T.=27K (22)

Inserting Eq. (22) in Eq. (21) and Eq. (9) leads to a
low field GB conductivity (at external applied
V=1V), dominated by the exponential term which
contains the barrier height. This decreases only one
order of magnitude with increasing temperature from
400K to 1000K. The experimental results show a
low field o5 which increases several orders of
magnitude in this temperature range with an
activation energy of about 1 eV at lower temperatures
(room temperature—650K). This can be clearly
explained by the second exponential term containing
the height of the Fermi level (see Fig. 4a).

This is in good agreement with our recent paper,
where the thermal activation of the low field
conductivity is determined by the minimum con-
ductivity o,,, represented by a V-type conductivity
profile in the depletion region. The temperature
dependence of this minimum is clearly p-type which
depends on the acceptor-level and the height of the
Fermi level, respectively. Defect chemical calcula-
tions show, that the Fermi level is 0.1-0.2 eV below
the acceptor level and depends on the position of the
acceptor level. The following levels are assumed for
our bulk acceptors: For Ni’ 0.15eV, Ni” 1.2 eV, for Fe/
0.9¢eV and for Mn’ 1.5¢eV [1,26].

In Fig. 3, o5p is plotted as a function of the applied
voltage for several temperatures for 0.2 at% Ni-doped
SrTiO;. Experimental result (symbols) and the low
field and medium field simulation (lines) obtained by
Eq. (15) are plotted together. The fitting parameter
was the diffusion constant of the holes taken from Ref.
[24], the barrier height ®;5(T) and the Fermi level
both obtained from the defect chemical simulation
(Ref. [1]). The critical field strength E.,;, is obviously
temperature independent and is about 2 - 10 V/m for
the average GB field stress. For the simulation of the
temperature dependence of the barrier ®;5(7), a slight
temperature dependence of the Fermi level is
included. Figure 7 shows the plot of ogp vs. the
temperature together with the simulated one by Eq.
(15) at low voltages V=1V and a Fermi level of 0.9—
1.1eV.
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The activation energy of the semi-saturation
plateau at higher fields (Fig. 3) is the same as the
low field GB conductivity (=1eV) which is in
accordance with Eq. (15) and is dominated by the
height of the Fermi level. Changing the barrier height
has no influence on the Fermi level AW, within the
bulk, which defines Schottky diffusion over the
barrier.

(5) Effect of Acceptor Concentration

Figure 8 shows the field dependence of the GB
conductivity for different acceptor concentrations. In
Eq. (16) the low-field GB conductivity is slightly
dependent on the acceptor concentration which is in
agreement with our recent paper [1]. Combining Eqs.
(16) and (17) one obtains a square root dependence of
the GB conductivity on the acceptor concentration
and the simulation fits well with the measurements.

When comparing ceramics with different acceptor
concentrations, one has to keep in mind their different
grain sizes leading to different critical field stresses
E.;,. For ceramics with large grains (0.4 at% Ni:
23 um, 0.8 at% Ni: 11 um), the field stress at the grain-
boundaries is 1 order of magnitude higher than in
small grain size ceramics (0.1 at% Ni: 2.3 um, 0.2 at%
Ni: 2.7 um) in accordance with Eq. (8). Hence E,;, for
the large grain samples is one order of magnitude
lower in comparison to the small ones.

V. Conclusions

Using Ni-doped SrTiO; as a model system for
acceptor-doped perovskite structured ceramics, the
field enhanced GB conductivity ospz revealed by
impedance spectroscopy in the time domain was
investigated and the effect of temperature and
acceptor concentration on the high field oz were
investigated. Based on the data presented in this
paper, we conclude the following:

(1) The GB potential barrier is reduced, but does not
completely vanish after applying high fields.

(2) The field enhanced conductivity is predominately
electronic due to holes and can be explained in
terms of a Schottky diffusion model in the case of
V-shaped carrier concentration profiles at the
grain boundaries.

(3) The experimental temperature dependence of the
low-field GB conductivity is in good accordance
with Schottky diffusion theory and is determined
by the Fermi level AWy within the bulk.

(4) The high field, saturated GB conductivity shows
the same activation energy as the low field GB
conductivity.

(5) The slight decrease of the GB conductivity after
reaching the saturation point can be described
qualitatively by an accumulation of oxygen
vacancies, which is a precursor for the resistance
degradation.

(6) The dependence of the field enhanced GB
conductivity ogp on the acceptor concentration
is in good accordance with values obtained by the
Schottky simulation.

(7) Schottky diffusion can quantitatively explain the
low field and the field enhanced regime of the GB
conductivity.

(8) The positive interface charge QF} is not voltage
dependent for low and medium field stresses.
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