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A mathematical-physical model to describe the charge transport across grain boundprigpen

SrTiO; ceramics in the low-temperature regime for arbitrary dc voltage steps has been developed.
The finite element model structure consists of a one-dimensional cross section through a ceramic
scenario. Mathematical formulation comprises a coupled system of continuity equatidizing
Maxwell-Boltzmann transport equationand Poisson’s equation, with the appropriate boundary
conditions for a potentiostatic simulation approach. The edges of the model are assumed to be
blocking for ionic transport, and penetrable for electronic transport. The model was implemented
exploiting routines from the numerical class librapyrFPACK™. After an initial electrostatic
simulation a dc bias voltage step is applied. The evolution of the spatial profiles of electric potential,
defect concentrations, space-charge density, and electric conductivity, and the current response are
calculated. The results for the ceramic model structure confirm the experimentally observed Debye
relaxation, and the characteristic dependence of long-term conductivity on the dc bias after
space-charge polarization, before the onset of resistance degradatisg@0ZAmerican Institute of
Physics. [DOI: 10.1063/1.1448404

I. INTRODUCTION depletion layer, is assumed. From an electronic view, the
GBs can be described as a back-to-back double Schottky
Barrier.

For p-type oxides that are subject of this article, the GB
ct is less well understood. Investigations on doped oxy-
gen ion conductors such as CA and zrG,° because

Perovskite-type titanate ceramics are used in cerami
multilayer capacitorsin the following referred to as CMQs
due to their high dielectric permittivity. There is a sustaining

2 I ) effe
trend towards further miniaturization for those devices.

Along Fh's trend,_ the thickness of the d|electr|; layer in of their technical applications as solid electrolytes in high-
CMCs is decreasing. Hence, for unaltered operating VOItageT%mperature fuel cells, reveal a discrepancy between the

in electronic circuits, dc field stress increases. This leads tgrystallographic thickness and the electric thickness of the

an enhanced leakage current through the device. Thiﬁighly resistive GB layer. This supports the model of the

comppnent—_rela}ted problem s the motlvatlon for th(_mrfat"formation of a space-charge depletion layer at GBs, just as in
cally investigating leakage current behavior in perovskite-

: n-type ceramics.
type titanates. . , For the mixed-conducting Perovskite-type alkaline-earth
. As_ model material,p-type SrTiQ has been cho_sen, titanates such ap-type SrTiQ;, highly resistive GB layers
since it reveals a defect and crystal structure that is VerY are observed by impedance spectroscopy in the time and
similar to that of BaTiQ, which is still the most important frequency domaif®® A corresponding Schottky-type
ceramic material in the capacitor industry. In contrast,

S i space-charge depletion layer model was suggested by
SrTiO; is not fgrroglectnc over the cqmplete temperat.urQWaseﬁg and Chiang and Takag.
range of technical interest. For modeling purposes, this is Further research of charge transport phenomena on the

advantageous since the ferroelectric behavior imposes an agésis of the Schottky depletion model focused maype
ditional degree of complexity by significantly affecting the SITiO,.24-23 Hagenbeck developed a simulation tool based

polalilzailon and cha:gi tLansporF |n'the rggtfr:al. lated t on a suggestion of one of the authors for the GB scenario and
cakage current behavior IS Immediately related 10y, q \ye|l-understood bulk defect chemistry foitype SrTiG;
charge transport across grain bound&BB) barriers. The

GB barrier effect is well known and extensively studied for(Ref' 29 1o calculate the spatial profiles of the defect con-

) . . _ . centrations and the electric potential at GBs for the electro-
n-type semiconducting ceramics to which both the varistor,

4 th tive 1 t ficiefTC) effect static equilibrium cas&~?" Impedance spectra simulation
and the _pg,os' Ve temperature Ccoetiici elfect are at were derived from the electrostatics calculation for the
ascribedt™® In both cases, the scenario of negatively charge

o mall-signal(Ohmic) regime matched excellently with ex-
.GB states com_pensated by positively charged donor cente serimental datd® thus confirming the applicability of the
in the bulk adjacent to the GBs, forming a space-charg B Schottky depletion model. Simulation of chemical diffu-

0021-8979/2002/91(5)/3037/7/$19.00 3037 © 2002 American Institute of Physics

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3038 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 T. Holbling and R. Waser

a Source: Waser / Smyth 1994
- a) -

£
Q cover layer dielectric
G

A

=~ termination

Ll

= b)
o

o

log (t/s)
b) Source: Waser / Smyth 1994

~ -12.5-

g

G -13.0- N

A &

~ low field < <Y
3 -13.5 ohmic regime A ’ AT 3 s
b ce: IWE, RWTH Aachen
(o]

O 140 1 L I ! | L t !

1 2 3 4 5 c)

log (E / (Vem™"))

FIG. 1. (a) Typical current responsighere as geometry-independent electric
conductivity of p-type SrTiQ, for different dc bias voltage stegexternal
electric fieldE) in the low-temperature regime. Short-term conductivity is
ascribed to the bulkdg), and long-term conductivity is ascribed to the GBs
(ogg)- (b) Dependence ofgg on the dc biaggraphs taken from Ref. 21

sion through GB interfaces; *'and the influence of the geo-
metric orientation of GBs on the impedance spettri,in

the small-signal regime, and highly resolved impedance
measurement on individual GB%2® were performed re-
cently by the research group of Maier.

In this article, a mathematical-physical simulation model
to describe charge transport phenomengitype SrTiG
ceramics for arbitrary dc bias voltage steps in the low- Source: X. Pan, Max-Planck-Institut fur Metallforschung, 1995
temperature regime is introduced. The model focuses on the
time dependence of the current response, the dependencefd#. 2. (a) Sketch of a ceramic multiplayer capacité scanning electron
long-term conductivity on the dc bias, and the spatial distri_microscop_y picture o_f @-type Sr_TiQ ceramic With an average grain size of_
bution of the electric potential and the defect concentration% mm (c) hlgh-resolutlon transmission electron_ microscopy picture ofagraln
; . . . oundary in ap-type SrTiQ, ceramic. The width of the crystallographic
in the depletion layer at GBs and the adjacent undisturbeghismatch zone is about 1 nm.
bulk regions.

Il. EXPERIMENT cantly upon the dc bias. There are three characteristic re-
p-type SITIQ ceramics reveal a characteristic current9imes Ofoce [Fig. 1(b)]. Forlow voltages, an Ohmic regime

behavior after a dc bias voltage step before the onset of rdS OPserved, with constamtgg. It is followed by a varistor

sistance degradatiéh(Fig. 1). The current respongén Fig. regime whereogg increases strong.ly within a bias voltage.

1(a)] displayed as geometry-independent ratio of the absolutE*"9€ of about one order_ of magnitude. For even larger bi-

values of electric current densityand external electric field asesocp reaches saturation.

E (i.e., electric conductivityreveals Debye-type relaxation

_cha_racteristics due to materi_al phases of different conductivl—”_ MICROSTRUCTURE AND POINT DEEECTS

ity in the bulk and at the grain boundary space-charge layer.

This leads to space-charge polarization at the GBs. Short- In p-type SrTiQ polycrystals[Fig. 2(b)], for a wide

term conductivity before relaxation is ascribed to the bulkrange of oxygen partial pressures during equilibration, in the

(og), and long-term conductivityi.e., leakage curreptis  low-temperature regimé.T, T<700 K) one finds a charac-

ascribed to the GBsd(sp). teristic constellation of point defects in the bulkkig. 3@)].
Whereasog, and for not too large biases the relaxationIn the following, Krager-Vink notatiori” will be used to

time, are independent of the dc biasgg depends signifi- identify the point defects.
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After sintering, due to impurities and doping, an amount  In p-type SrTiG one finds crystallographically “sharp”
of negatively charged acceptods is found®®~“°The incor-  GBs (no second phasg8 with a width of the interface mis-
poration of acceptors is accompanied by the formation ofmatch area of about 1 niFig. 2(c)]. For the scenario at
positively charged doubly ionized oxygen vacandigs the  GBs, one of the authors proposed a model of additional,
charge of the latter compensating the acceptor charge for thmsitively charged donor states that occur at the GB
sake of electroneutrality. For temperatufies 700 K equilib-  interface!® due to Coulombic repulsion, the adjacent bulk
rium with the ambient gas phase is maintained, leading toegions are depleted of the mobile holes argl. The re-
oxidation or reduction of the material. In oxidizing atmo- maining negatively charged acceptor ions are shaping a
spheres, oxygen vacancies are partially filled from the ambiSchottky-type space-charge layer that compensates the GB
ent, with the creation of electron holes. This mechanism iglonor charge for the sake of global electro-neutrdlFig.

described by the reaction 3(b)]. Due to depletion of mobile charge carriers, electric
1 conductivity within the space-charge layer is greatly reduced
Vg + 502:004_ 2h, (1)  with respect to the undisturbed bJlkig. 3(c)].

This space-charge layer forms an internal potential bar-

whereh" denotes the electron holesg@e oxygen atoms on fer ¢ggo [Fig. 3(d)] given by
regular lattice sites, and atmospheric oxygen. Eventually,
due to Eq.(1), holes are established as the majority charge _ Qs
carriers for electronic conduction, as regarded in this work. ~ #GB0™gg o q [A’] @
In the low-temperature regimé&<700 K, the surface reac-
tion according to Eq(1) is obstructed. Thus, the overall with Qgg denoting the charge density of the GB donor
concentration of oxygen vacancies can be regarded astates,e, the permittivity of free spaceg, the relative di-
“frozen-in.” *%2 The concentration of holeph'] (usually  electric permittivity, andj, the unit charge.
referred to ap) is much lower than concentration of oxygen Under applied bias, this barrier hampers the transport of
vacancieg V5] and acceptorfA’], whereas the concentra- the positively charged mobile carriers across GBs. The spa-
tion of the electrons is much lower tharp. Altogether, the tial profiles of physical quantities at GBs displayed in Figs.
relation between the defect concentratioms’ |=2[V, ] 3(b)—3(d) were simulated according to Hagenbéek.
>p>n applies in the bulk op-type SrTiQ, for the above- In the small-signal(Ohmic) regime, the concentration
mentioned temperature and partial pressure regime. profiles from the electrostatics calculation can be exploited

In the low-temperature regime, only thé; and the for impedance spectra simulatiéhYet, for sufficiently high
electronic charge carriers are considered mobil@ditype  bias voltages, the defect chemical scenario, due to shift of
SITiO;. 44" Even though' Vg ] exceedsp by many orders point defect concentrations, changes drastically with respect
of magnitude, the holes do contribute significantly to electricto the electrostatic cagd.Thus, for higher bias voltages,
conductivityo due to their mobility that is by many orders of charge transport phenomena may not be derived from elec-
magnitude higher than that of oxygen vacancies. On thérostatics calculations any longer; moreover, local changes of
other hand, the contribution of the electronsits negligible  defect concentration due to charge transport must be consid-
due to their low concentration, despite their high mobility. ered. A suitable model is introduced in the following section.

Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



3040 J. Appl. Phys., Vol. 91, No. 5, 1 March 2002 T. Holbling and R. Waser

IV. MODELING a)

A finite element model for charge transport [m\type

SrTiO; in the low-temperature regime was developed. The electrode bulk GB

ceramic structure is modeled as a one-dimensional cross sec- T 1 TR T
tion through polycrystalling-type SrTiG that is bounded """ """I
on the edges by flat-band electrodas initial band bending

in the electrostatic cageln this approach it is assumed that """ """l
highly conducting paths along GBs, i.e., due to inversion I
layers at the interfac®*® do not exist. The material is nodes element

shaped as a continuous medium, disregarding the periodical b)
atomic lattice structure of the perovskite and allowing the
use of macroscopic quantities such gsto describe the
physical scenario.
Energy levels following the band diagram are assigned
to the electronic and ionic defects to describe the defect

anode cathode

Panodic =YDC Pcathodic = 0

chemical reactions in the material. All mobile and immobile Jp,anodic(t) Jp,cathodic(t)

material defects are modeled as spatial profiles of particle

concentrations throughout the finite element mesh. The finite fvg,a,,od,-c =0 ‘T =0
» Vo ,cathodic

element mesh is nonuniform, since a higher spatial resolution

is chosen for critical material areas where large gradients of

the physical quantities are expectee., electrodes, space-

charge depletion area, GB interface, Figa)4 To obtain Panodic =P0  Pcathodic = Po

startup values for the simulation under dc bias, an initial . )

electrostatics calculation is performédr further details see FIG. 4. (@) Scheme of the finite element mesh laid upon the model geometry
for the simulation of charge transport across GBoitype SrTiG,. The

Refs. 26, 27, 49 model equations are solved at each node of the mesh. For critical areas, e.g.,
To describe particle transport, the validity of the where large gradients of the system state quantities are asg@Beidter-

Maxwell-Boltzmann transport equations is assumed. Accordf_aces, electrodgsa high spatial resolution, i.e., density of nodes, is chosen,

inalv. the | | ticl td itv of th bil . whereas noncritical areas are resolved more coarsely, leading to a nonuni-
Ingly, the local particle current density 0 € moblle species,, mesh.(b) Scheme of the scenario at the boundaries of the model

i, Ji(x), is described as the sum of a drift component,structure for the simulation of charge transport across GBgp-type
jpritt,i(X), due to a local electric fiel&(x), and a diffusion  SrTiO;. Time-independent boundary conditions are formulated at the cath-
component,j Diff, i(X): due to a local gradient of the concen- ode(subscript: cathodjcand t‘he anodésubscript: anot_jbcfor the oxygen
tration of the species;;(x) [a thermal contribution tg;(x) vacancy partial current denswb-, the hole concentratiop, and the elec-

. lected ing th b fat t di tric potentiale. The oxygen vacancies may not pass the electrodes, so that,
|s.n(.ag ected, a5§um'”9 e absence ol a temperature gradigfile; than the partial current densijty(t) of the holesj,, - vanishes at the
within the material. This gives o

boundariese,,o4icis the dc bias voltag¥l 4, ©cathodic €quUalS Zeropanodic
and peathodic @re set at the electrostatic equilibrium bulk concentragign

110 =] i, i (X) + ] pir, 1 (X) ()
with
1 : , -
J orift, i (X) = E)Mici(X)E(X) (4 'tot(t)zzi ii(t)+D. (7)
ido
and The local change of the defect concentration of the spe-
ciesi is described by continuity equations
, __p. %™ 5 56,(%)
Join 1097701 5 ==Y+ () ®)

with w; denoting the mobilityD; the diffusion coefficient, with q;(x) denoting an additional source term, e.g., due to

?nQZi the (;fha_rgi number Olf Bhe_sp;cmﬁ/loblhtt)l/;an? dif- | defect chemical reactions. Due to the low mobility of elec-
usion coetlicient are coupled via the Nemnst-einstein rélas, ;. charge carriers ip-type SrTiQ; with respect to semi-
tion ui=kT/|z|qyD;. k denotes the Boltzmann constant

' conductor materials, thus the short mean free path, it is as-
ntsumed that there will always be local electronic equilibrium
throughout the modéf This implies the validity of the rela-
tion np=const for the concentration of the electronic charge
carriers. Thus, the source terms in E8). can be neglected,

density of the species i;(t), is obtained by multiplying the
current density according to E¢3) with the charge of the
species, yielding

(D) =ji(t)z0. (6)  and description of transport of electronic charge carriers can
_ i be limited to one single continuity equation for the holes.
For the total electric current density(t) the sum of all The coupling of the electric potential(x) and the con-

partial electric current density, and a displacement currengentration of charged species is described by Poisson’s equa-
componenD = (1/e) (JE/dt), must be considered, yielding tion:
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FIG. 5. Sketch of the model geometry for the simulation of large-signal mT -
charge transport across GBs jntype SrTiQ,. It consists of a 400 nm !
one-dimensional longitudinal cut through a ceramic model structure which .
contains two GB interfaces, each at a distance of 100 nm from the electrode, 10* — T 1
with adjacent bulk regions. The model geometry is assumed to be bounded 10" 10° 107 10"
by “flat-band” electrodes on either side. The potential distribution in the * smoothening interpolation fit t/'s

geometry for the electrostatic case is hinted at by the white line. It is as-

sumed that no highly conducting inversion layers at the GBs exist which in b)

a real ceramic structure would “short circuit” the current path across GBs. single crystal limit

saturation

Fe(x)  p(x)
an.

9
&
with the local space charge densit{Xx) =g2;zci(x) as the
local sum of all charged species, and the dielectric permittiv-
ity e=gge, . &
The scenario at the model boundaries is displayed in Fig.
4(b). For the edges of the model structure, constant values of g |
the electric potential are assumed. By the choice of those i - i " ; 2
: o 10 10 10 10 10 10
boundary values, a dc bias voltage stép, is imposed on U JV
the model, withg,no¢ic=Ugc at the anode, an@:ainodic pC
.: 0 ?.t the cathode. The hole conc_gntratlon at both ?leCtrOdqf?fG. 6. Simulation results for p-type SrTiQ; ceramic model structur@ig.
is “pinned” and set at the bulk equilibrium value obtained by 5) after a large-signal dc bias voltage step in the low-temperature regime
the initial electrostatic calculatiop, (flat-band scenarjo ~ (T=500K) (&) Total current response and its contributiofis) dc bias
The electrodes are penetrable for the electronic charge caroltage dependence of long-term conductivityg .
ers (partial current density,).
Since the total amount of oxygen vacancies in the mate-
rial can be regarded as constant with titsee previous sec- =500 K, with a relative dielectric permittivity o, =150,
tion), oxygen vacancies can neither enter nor leave the manobility of oxygen vacancieg, =10"° cn?/Vs,*#® and
terial. This is modeled by boundary conditions for the partialholes u,=0.5 cnf/Vs.** The dc bias isU4,=8V. The
current density of the oxygen vacancje,% that vanishes on  simulation results are presented in Figa)é

the edges of the model geometry. Hence, under the influence For short times, the total current consists of both elec-

of an external bias, the oxygen vacancies can only redistribfronic (hole) and ionic (/5) contributions. After Debye re-
ute between anode and cathode. laxation (space-charge polarizatipthe ionic contribution to

The model was implemented utilizing routines from thethe current has vanished. Thus, in the stationary state before
numerical class librarpiFFPACK™. At the nodes of the finite resistance degradation, the current is completely electronic
element mesh in Fig.(d) exact solution of the model equa- (hole type.
tions (8) and (9) are obtained. For details on the modeling  Hence, theVy will no longer contribute to dc electric
and numeric aspects of the simulation see Refs. 50, 51. Fugonductivity. Thus, long-term electric conductivity is com-

ko)
£
(&)
N
S
8
S
L

ohmic regime
Pasai

ther results will be published elsewhéfe. pletely determined by the spatial profile of the hole concen-
tration in the space-charge depletion layer at the (FBg.
V. SIMULATION RESULTS 7(c)].

A. Space-charge polarization (Debye relaxation )

To study the current respongg(t) and its contributions B. dc bias dependence of long-term conductivity

in p-type SrTiG ceramics under high-field stress, a dc volt- To investigate the dependence of the long-term electrical
age step simulation was performed utilizing a model strucconductivity ogg on the dc bias irp-type SrTiQ, ceramics,
ture according to Fig. 5, consisting of two grain boundarya model structure different from the one used for the simu-
interfaces “embedded” in a bulk area between anode andhtion of the current response in the time domain is chosen.
cathode. A bulk acceptor concentration oRNs=2 Sinceogg is ascribed to the GBs, it is desired to exclude the
x10cm 2 and a GB donor concentration dll; gg  influence of the voltage drop across space-charge depletion
=1.75<10° cm 2 are assumed; the temperature Ts layers at the electrodes. In a real ceramic with a large number
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: T T T T J © T T T . .
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c) d) concentration Vg ](x) for a p-type SrTiQ, bicrystal at
o 107 nlbound T=500 K, in the stationary state after space-charge po-
----------- rain ndal . . . .
5 104 ! gf: rodneany S larization at various dc bias voltages.
— S 4 ¢ ,-) S
5 10" '
"g ? 17 ]
i g 10
c 16
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2 <y _—
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of GBs along a one-dimensional cross section from anode ttrinsic potential barrier at GBs fdd ;.= 0 (electrostatic sce-
cathode the influence of the electrodes can be neglétted.nario), ¢ lsee Eq(2)]. The corresponding spatial profiles
Yet, due to numerical restrictions, an extended ceramic magf the electric potentiab(x), the space-charge denspyx),
not be modeled. Thus, for focusing at the influence of theand the concentration of holg®gx) and oxygen vacancies
GBs on charge transport only, a bicrystal model structure agVy |(x) for different values ofJ 4. in the stationary state are
an excerpt from a real ceramic far from the eddekec- presented in Fig. 7.
trodeg is considered. The width of the bicrystal isuin. By For small biases 4. <¢ggo) the voltage completely
this approach, the dc bias drops exclusively across the bdrops across the GBrig. 7(a)]; the bulk regions adjacent to
crystal GB. Hence, the influence of the electrodes will bethe space-charge depletion lay@n the following abbrevi-
driven to zero. This simplification was justified by Hagen- ated as SCDLremain field free, and the potential barrier at
beck’s simulation approach whose calculations for a bicrystaGBs ¢ g remains unchanged with respect to the electrostatic
model structure did match excellently with measuremenscenario.p(x) [Fig. 7(c)] remain virtually unchanged as
data from experiments on extended ceramics with a largevell. Thus,ogg remains constant.
number of GBS$® The simulation falls into two steps: First Towards larger dc biasesU(.~ ¢ggg), the positive
the redistribution of oxygen vacancies for the stationary stateharge carriers drift into the SCDL and across the GB inter-
under dc bias is calculated, with “open” boundaries for theirface to an increased extent. This leads to a pronounced in-
transport, according to the above-stated assumption for therease of botH Vg ] [Fig. 7(d)] and p [Fig. 7(c)] in the
bicrystal model. As stated earlie¥y does not contribute to  SCDL, the latter leading to a strong increasergf within a
long-term dc conductivityogg. Second, the concentration moderate range df ;.. Moreover,U 4. drops across the bulk
profile of the holep(x) for the stationary state is calculated, area outside the space-charge layer at an increased amount
based on the altered space-charge density scenario at the GHg. 7(a)]. The SCDL shifts from the anode to the cathode
due to the redistribution of thé;. Fromp(x), ogg emerges [Fig. 7(b)]. Since the relatiop<[V] is valid throughout
by averaging the local conductivities throughout the modelthe material, the contribution of the holes to space charge is
neglecting capacitive contributions due to the complete denegligible. Thus, the shift op(x) can be attributed to the
cay of displacement current in the stationary sfate Fig. redistribution ofV. Correspondinglygpcg is subsequently
6(a)]. decreasing to zero which is inline with Schottky diffusion
The simulation was performed assuming a bulk acceptotheory (see also Ref. 22
concentration ofN,=2x10"cm 2 and a GB donor con- U )
centration of Np gg=8X 1020 cm‘3. Temperature isT oca(Uss) = ¢cs0 ( 1-5 B ) (10)
=500 K, with a relative dielectric permittivity of, =150, PGB0

mobility of oxygen vacanciesuy. = 10% en?/Vs, and  yith Ugg denoting the voltage drop over a GB. As long as
holesu,=0.5 cnt/Vs, just as for the current response simu-the voltage drop across the bulk is small with respect to
lation. dc bias voltagd) 4. ranges from 1 mV to 220 V. Ugg, the relationd sg~U 4. applies for the model structure.

The simulation results for the dependence of long-termAccording to Eq.(10), with the above-stated input param-
conductivity ogg on Uy, after redistribution of the/g re-  eters for the simulationpgg Will have vanished at a bias
veal the experimentally observed three reginisse Fig. voltage of~2 V. This is in good agreement with the simu-
6(b)]. They depend on the relation betwedp,. and the in- lation results displayed in Fig.(a).
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As long as in the SCDLVs] remains much smaller 1°J. E. Baerle, J. Phys. Chem. Soli®9, 2657 (1979.
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