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Effect of Ferroelectric Polarization on lonic Transport and Resistance
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We proposed a model to study the resistance degradation
behavior of ferroelectric oxides in the presence of ferroelectric
spontaneous polarization by combining the phase-field model of
ferroelectric domains and nonlinear diffusion equations for
ionic/electronic transport. We took into account the nonperiod-
ic boundary conditions for solving the electrochemical transport
equations and Ginzburg-Landau equations using the Chebyshev
collocation algorithm. We considered a single domain structure
relative to a thin film BaTiO; single crystal orientated to the
normal of the electrode plates (Ni) in a single parallel plate
capacitor configuration. The capacitor was subjected to a dc
bias of 0.5 V either along the polarization direction or opposite
to the polarization direction at 25°C. It is shown that the
polarization bound charges at the metal/ferroelectric interface
play an important role in charge carrier transport and leakage
current evolution in BaTiOj; capacitor.

I. Introduction

ERROELECTRIC perovskites such as barium titanate

(BaTiOs3) have become essential materials in various
electronic devices such as positive temperature resistors, tun-
able microwave dielectrics, piezoelectric actuators/sensors,
and multilayer ceramic capacitors (MLCCs)." Improving the
reliability of ceramic capacitors emerges as a critical chal-
lenge when operation continues under a continuous bias.
Among all the factors affecting the reliability of MLCCs, the
long-term resistance degradation is one of the most impor-
tant. It is characterized by slowly increasing leakage currents
under constant voltage stress, which eventually leads to the
breakdown of the capacitors.

Two major concerns about the resistance degradation phe-
nomenon are: (1) What are the major reasons that result in
the degradation and (2) What is the life time (reliability) of
the capacitor. The first problem has been approached by a
variety of experimental methods such as the impedance spec-
troscopy (IS) and thermal simulated depolarization current
(TSDC).> 2 It is well recognized that the electromigration of
oxygen vacancies toward cathode under dc bias is important
to the resistance degradation, as is evidenced by the electro-
coloration at the anode and cathode.>* By using impedance
spectroscopy (IS) and electron energy loss spectroscopy
(EELS), Yang et al.* directly observed the oxygen vacancy
segregation in BaTiOs-based ceramic capacitor near the cath-
ode, and oxygen vacancy pile-up at the cathode side within
each grain. Yoon er al.> investigated the effect of acceptor
(Mg) concentration on resistance degradation behavior in
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acceptor-doped BaTiO;3 ceramic capacitor. He pointed out
that the increase in Mg concentration result in higher degra-
dation rates due to the increase in oxygen vacancies. Liu
et al.'™'"" carried out TSDC measurement on Fe-doped
SrTiO3 single crystals and ceramics. It was found out that
the TSDC peaks associated with the defect dipole, trapped
charge, and oxygen vacancy motion are all influenced
through degradation process. Liu also studied the charge car-
riers in degraded SrTiO; using IS and EELS and suggested
polaron conduction is induced at the cathode as a possible
mechanism controlling the insulation transport process and
ultimately describing the degradation behavior.'? Despite all
these investigations, however, due to the complexity of multi-
ple factors influencing the degradation, such as acceptor dop-
ing concentration, depolarization current, dielectric layer
thickness, grain size, conductivity dependence on phase (fer-
roelectric and paraelectric), nonlinear conduction, electrode
roughness, and grain microstructure (grain size, core-shell
microstructure), the interdependence and relative importance
is not yet fully understood.

In this investigation we theoretically address the degrada-
tion kinetics in relation to ferroelectric phase and the role of
spontaneous polarization. Typically there is an engineering
approach to accessing statistical estimates of the failure
times, and the data for this are collected through highly
accelerated lifetime tests (HALTS).'">'® This method access
the time evolution of the electronic conduction under a dc
voltage at various temperatures, and the long-term reliability
is evaluated using the Eyring model. The testing is often
done in the paraelectric phase, and estimated times for fail-
ures are extrapolated into the ferroelectric phase which in
reality is the operating condition of the capacitors. Such
an assumption ignores the role of complex domain struc-
tures, the associated electrostrictive and piezoelectric-induced
strains that may have influence on the degradation kinetics.
Lacking the ferroelectric contributions to the degradation
mechanisms, the empirical extrapolations from HALTs mea-
sured lifetimes in the paraelectric state may not be represen-
tative of the ferroelectric-based capacitors working in their
ferroelectric phases.

On the other hand, mathematical models of ionic/electronic
defect transport have been proposed to study current response
and resistance degradation phenomenon.'®*’ Baiatu and Wa-
ser et al. presented classic mathematic models in both SrTiO3
single crystal and ceramics under high-field stress.'®!” In these
models the dielectric breakdown is mainly attributed to the
electronic compensation for oxygen vacancies accumulation
near cathode (n ~ 2[V'g], n and [V5] are the electron and oxy-
gen vacancy concentration.) Later Meyer ef al.'® suggested
pinning of compensating electrons by the work function of
the electrodes on both sides of Bag3Srg;TiO; thin film and
did not observe any resistance degradation behavior. Strukov
et al."® provided a model of coupled drift-diffusion equations
for electrons and ions and examined the mobile ion
distributions and current—voltage characteristics of thin film
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semiconductor memristive. However, these models do not
take into account the effect of ferroelectric polarization on
defect transport and current evolution. On the other hand,
Xiao and Suryanarayana et al. proposed several models
which incorporated the semiconducting properties of the wide
band-gap ferroelectric perovskites by taking into account the
interaction between space charges and polarization.?** Most
recently the charged domain walls are theoretically studied,
and the electron and hole response to the polarization bound
charge near the domain wall have been calculated.>**” Never-
theless, these models are either limited to the equilibrium pro-
files or subject to analytical approximation.

In this work, we developed a phase-field model to study
the resistance degradation phenomenon in the presence of
ferroelectric polarization in ideal ferroelectric capacitor struc-
tures. The phase-field approach has been extensively used to
study the ferroelectric domain structures in both bulk sys-
tems and thin films.?*>? The phase-field simulation is based
on the time-dependent Ginzburg-Laudau (TDGL) equation.
We propose to solve the set of electrochemical transport
equations using spectral method based on the Chebyshev
transforms along the transport direction and Fourier trans-
forms along the plane normal to the transport direction.
They are discussed in Section II1.

II. Model

In the phase-field simulation, we choose the spontaneous
polarization P; = (P, P>, P3) as the order parameter to
describe the domain structures in ferroelectrics. The total free
energy of the system can be expressed as

Fe / Vian(Py) + fanad (Pig) + fotas (P 85) + fuce (Piy BV,
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where V7 is the system volume and fi.n(Pi), ferad(Pij)s fetas(Pi,
€ij), and fueo(Pi, Ej) are the Landau-Devonshire free energy
density, the gradient energy density, elastic energy density,
and the electrostatic energy density, respectively. The Lan-
dau-Devonshire free energy is written as a polynomial
expansion of the polarization components P;. For an eighth-
order expansion under mechanical stress-free boundary con-
dition, it is*?
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where Cjji is the elastic stiffness tensor,a? is the eigenstrain
induced by the spontaneous polarization P; (the eigenstrain
induced by the defect segregation is currently not taken into
consideration), and €; is the total strain of the bulk com-
pared to the parent paraelectric phase. The elastic strain e;; is
calculated from e; = & — s? Detailed calculation of the ei-
genstrain and the total strain are described in reference [30].
To consider the dipole—dipole interaction during ferroelectric
domain evolution, the electrostatic energy of a domain struc-
ture is introduced through

1
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where E; is the electric field component, €, and €, are the
vacuum permittivity and dielectric constant of the material,
respectively.

Based on the Landau—Devonshire free energy density, the
gradient energy density, elastic energy density, and the electro-
static energy density calculated from Egs. (2) to (5), the total
free energy Fis obtained from Eq. (1). The temporal evolution
of order parameter P are governed by the TDGL equations
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where L is the kinetic coefficient which is related to the
domain movement and ¢ is time.

The local electric field in Eq. (5) is dependent on the space
charges as well as the polarization-induced bound charges. It
also depends on the boundary conditions on the film sur-
faces. The local electric field/potential distribution is gov-
erned by the Poisson equation

gy PV RIS +p—n—4) -V e
£0E, €0E, ’
(7

in which  is the local electric potential, p is the total space
charge density, gy is the unit charge, [Vg], n, p, and [4]
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in which o, ok, and oy are the fourth, sixth, and eighth-
order coefficients, respectively, and the second-order coefficient
oy is linearly proportional to temperature and obeys the
Curie—Weiss law. The Landau coefficients and Curie tempera-
ture 7, are here not considered in relation to oxygen stoichi-
ometry.*® The gradient energy is introduced through the
gradients of the polarization (P;; = 0P;/ Ox;). For a general
anisotropic system, the gradient energy density is calculated by

1
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in which Gijq is the gradient energy coefficient. The elastic
energy density fua 1S given by

denote the local concentrations of oxygen vacancy, electron,
hole, and ionized acceptor, respectively. The polarization-
induced charges are introduced by —VeP. The electric field E
is related to the electric potential through

E=-VV. ®)

The boundary condition for the electric potential is defined
as

\|/;=0: Va(()), \|f;=L: Va(L)u ©)

in which V,(0) and V,(L) are specified from the externally
applied potential bias at z =0, L.
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The bulk transports of space charges in Eq. (7) are
described by the diffusion equations with proper boundary
conditions. In our current simulation, the major charged
defects of interest include the oxygen vacancies (Vy), elec-
trons (¢’), holes (/°), ionized acceptors (A4’) written in
Kroger—Vink notation.>* The oxygen vacancies, electrons,
and holes are considered as mobile species. The monovalent
acceptors are introduced from the substitution of +3 elements
such as Fe and Al on the Ti sites (Fely and Ally = 4) and
are considered fully ionized and immobile.

Due to extreme low mobility compared to electrons and
holes, oxygen vacancies are considered to be the major fac-
tors in determining the simulation time. The oxygen vacancy
migration consists of the chemical diffusion due to concentra-
tion gradient and the electrical drift under the external
applied electric field. Here, we do not consider the presence
of association and the formation of defect dipoles. A nonlin-
ear Nernst—Planck transport model is applied to describe the
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in which N. and N, are the effective density of states of the
conduction band and valance band, respectively. E. and E,
are the energy of the conduction band minimum and valence
band maximum of BaTiOs;, respectively. Ep, is the work
function of Ni plate electrode.

The current density is contributed from the flow of the
charged species including oxygen vacancies, electrons, and
holes. The current density for particular charged carrier i
and the total current density are given by
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in which [Vg] is the oxygen vacancy concentration, ng is
the flux of the oxygen vacancy, Dys and Hyse are the diffusiv-
ity and mobility of oxygen VdCdnCy, respectlvely, which are
related with each other through the Nernst-Einstein equation

e, (11)

kg is the Boltzmann constant, 7 is the absolute temperature,
zve = +2 denotes the charge number of oxygen vacancy,
and go is the unit charge. Ad;, and AX are the electric
potential difference and distance between two adjacent grid
points, respectively.
The Ni electrodes act as the blocking boundaries for oxy-
gen vacancies migration during the resistance degradation so
that the boundary condition for Eq. (10) can be written as
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On the other hand, electrons and holes are moving much
faster than oxygen vacancies due to their higher mobility. In
our simulations we assumed that the electron and hole con-
centrations always reach equilibrium for each evolution of
oxygen vacancy profile. Mathematically we solve steady-state
equations for electron and hole transports assuming On/
0t = 0 and Op/or =

Jo=—-D,Vn— p,tnnf?

~ 13)
on y (
Ef—VoAAJ%Vn+MV-Pﬂ4w

Jp = —DyVp+ uan 14
P Vet =DV - Ve[pE| =0 o
5= » =Dy Vp— Ve |pE|l =

The electron and hole concentrations at the Ni/BaTiO3
interface are pinned by the Ni electrode as

Itotal = Elia (18)

in which z; and J; denote the charge number and the flux of
each of the charge species.

III. Results and Discussions

We first consider an ideal situation regarding the influence of
a high spontaneous polarization on the transport processes.
We consider a single tetragonal domain structure, such as a
thin film BaTiOj; single crystal orientated normal to the elec-
trode plates (Ni) in a single parallel plate capacitor configu-
ration. We set up a coordinate system with a periodic
boundary condition along x and y directions. Along z direc-
tion it is nonperiodic so that a Chebyshev collocation bound-
ary condition is applied. We are mainly concerned with the
ionic/electronic transport along z direction, and the polariza-
tion direction is also assumed to be along z direction. There-
fore, the system size of the simulation is chosen to be
1 x 1 x 200. The temporal evolution of the polarization
field and thus the domain structures are obtained by numeri-
cally solving the TDGL equations using the semi-implicit
Fourier spectral method.>”™ The corresponding material
constants for the Landau free energy, the gradient energy
coefficients, the electrostrictive coefficients, and elastic prop-
erties are taken from the literature.”*' The parameters used
in the simulation are listed in Table I.

We started with a charge neutral single tetragonal domain
BaTiO; of thickness L = 500 nm constrained by Ni plate
electrodes on two sides at room temperature (25°C). The
acceptor doplng concentration was [A] =2.0 x 10" cm
All the ionic and electronic defects were assumed to be
homogeneously distributed and the local charge neutrality
condition was maintained in the initial state

V51 +p—n—[4]=0. (19)

The initial polarization was assumed to be homogeneous
and equal to the spontaneous polarization P = Py = 26 nC/
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Table 1. Parameters Used in the Simulation
Parameter Value
Temperature, 7 (K) 298
Total thickness, L (nm) 500
Dielectric constant, €, 200
Electron/hole mobility, 0.67, 0.35 3

2 ~1
s Mp [Cm (VS) ] 14
Oxygen vacancy mobility, 1.0 x 107143

My fem? (V)]
External bias (V) 0.5

Conduction band, E, (eV) —3.6%

Valence band, E, (eV) —6.7%

Work function of Ni —52%
electrode, Ep, (eV)

Effective density of states, 10%

Ne, Ny (em™)

cm? which was oriented along the +z direction. The bound-
ary condition of polarization at the metal/ferroelectric inter-
face in 1D was specified as

axP—bxg =0,

dp
axP+bx— =0, (20)
dz z=0

dz z=L

where coefficients ¢« and » were chosen to be 1.0 and
0.05 cm, respectively, representing a partially compensated
boundary condition.

500nm

500nm

The simulation was then performed at 7 = 25°C until
defect and polarization distributions reached steady state
under no external bias, which are schematically plotted in
Fig. 1(a). The equilibrium profiles are shown in Fig. 2. From
Fig. 2(a) it is seen that the ferroelectric polarization remained
constant inside the bulk BaTiO3 and decreased at the metal/
ferroelectric interfaces. As a result, a sheet of positive bound
charge was formed at one interface (z/H = +1) and a nega-
tive bound charge on the other (z/H = —1) [Fig. 2(b)]. For
charge compensation, the positively charged oxygen vacan-
cies and holes tended to segregate at z/H = —1, while the
negatively charged electrons at z/H = +1 [Figs. 2(c) and (d)].
It should be noted that the electronic concentrations are
much lower than oxygen vacancies. This is because of the
wide band gap (~3.1 eV) of BaTiO;* In response to the
redistribution of polarization bound charges and the ionic/
electronic space charges, the local electric potential and elec-
tric field were obtained from Egs. (7) and (8) under the short
circuit boundary condition V,|.__ = V,|._y=0 [Figs. 2(e)
and (f)]. A large positive electric field was formed at the
metal/ferroelectric interfaces due to electric potential to be 0
at the boundaries.

When the equilibrium profile was reached, the resistance
degradation simulations were carried out by applying a dc
bias of 0.5 V along the polarization direction (+z direction).
Under the field stress, the oxygen vacancies were migrating
toward the cathode side (z/H = +1) [Fig. 3(a)], resulting in a
positive ionic charge region at z/H = +1 and a negative ionic
charge region at z/H = —1, given that ionized acceptors are
immobile. In response to the local ionic charges, the electrons

Ni Ni

(+) [ ()
E>0
()

500nm

Fig. 1. Schematic plot of the metal (Ni)/ferroelectric (BaTiO3)/metal (Ni) sandwich structure: (a) without bias; (b) under applied bias in the
same direction of polarization; (c) under applied bias in the reverse direction of polarization; (d) under applied bias without ferroelectric
spontaneous polarization. The yellow and green arrows denote the directions of polarization and electric field, respectively. The (+) and (—) signs

represent the anode and cathode, respectively. The -~ and

signs denote the polarization bound charge near the metal/ferroelectric interfaces.
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Fig. 2. Equilibrium profile of single domain BaTiO; without bias: (a) polarization (P,), (b) polarization bound charge (—dP,/dz), (c) ionic
defects (d) electronic defects, (e) electric potential, and (f) electric field (z denotes the position in the film, A =250 nm is half of the film
thickness L, so that z/H from —1 to +1 represents the entire thin film thickness).
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Fig. 3. Defect transport and electric potential evolution in single domain BaTiO; plate capacitor at 7 = 25°C under dc bias (0.5 V) along +z
direction (a) oxygen vacancies, (b) electrons, (c) holes, and (d) electric potential evolution.
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Fig. 4. Comparison of oxygen vacancy evolution (a—c) and local electric field (d—f) distribution in single crystal BaTiO; plate capacitor
subjected to 0.5 V at 7= 25°C (a) and (d): applied field in the same direction of polarization; (b) and (e): applied field in the opposite direction

of polarization; (c) and (f): no polarization.

tended to migrate toward the cathode and holes toward
anode [Figs. 3(b) and (c)]. However, the electronic charge
compensation was much smaller than the ionic charges since
the electronic defects were pinned by the Ni plate electrodes
at the boundaries. The electric potential evolution was plot-
ted in Fig. 3(d), in which a large electric potential gradient
was formed near the anode side in steady state. This agrees
with recent experimental results by Okamoto et al.*® in which
a large electric field was observed at anode side in the
degraded MLCCs. It should be noted that in the current sim-
ulation we do not consider the possibility of anodic Ni plate
electrode oxidation due to the oxygen vacancy depletion/

oxygen ion accumulation under long-term bias in the current
simulation, which could change the capacitance value.

We also applied a dc bias of 0.5 V in the opposite direc-
tion of the polarization (—z direction). The reverse bias was
small enough so that the single domain was not allowed to
switch. For comparison we also considered the situation
when there is no spontaneous polarization. Figures 1(b)—(d)
schematically illustrates three different situations of BaTiO;
single plate capacitor subject to dc biases. The oxygen
vacancy evolutions were plotted in Figs. 4(a)—(c). In all three
cases, the oxygen vacancies tended to migrate along the
applied field direction. However, the oxygen vacancy
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segregation reached ~10%° cm ™ along the cathode side when
the field was along the onlarization direction [Fig. 4(a)], it
reached only ~2.5 x 10" cm™ when the field was opposite
to the polarization direction [Fig. 4(b)] and ~4.4 x 10"
cm > when there was no polarization [Fig. 4(c)]. A possible
explanation for the difference is that the polarization pro-
motes the ionic transport and further deteriorates the resis-
tance of the capacitor when it is along the field direction.
Note these concentrations are close to the Mott Criterion,
and in the ferroelectric state are expected to be semiconduct-
ing.** To further understand the differences of oxygen
vacancy segregation among three situations, we investigated
the electric field distribution inside the BaTiO5 dielectric lay-
ers [Figs. 4(d)—(f)]. From Fig. 2(f), positive electric fields
were seen at Ni/BaTiO; interfaces without applied field.
When a positive external bias was applied on BaTiOs, the
local fields at the boundaries was enhanced to 200 kV/cm
[Fig. 4(d)], which acted as a large driving force for the oxy-
gen vacancy migration along the +z direction. Under nega-
tive bias, the field became negative inside the BaTiO; layer
leading to the oxygen vacancies migration along —z direc-
tion. However, at the interfacial regions, the local field still
remained positive (~50 kV/cm) at ~10° s [Fig. 4(e)], thus
inhibited the further migration of oxygen vacancy toward
cathode. When the ferroelectric polarization was zero, the
local electric field at the interfaces reached ~120 kV/cm
[Fig. 4(f)]. Therefore, the amount of oxygen vacancy segrega-
tion with P = 0 lied between the other two cases.

The current density evolutions were compared among the
aforementioned three cases (Fig. 5). The leakage currents all
experienced small and slow increases in the initial state when
the oxygen vacancies started to migrate under the external
biases, followed by fast and significant increases indicating
the breakdown of the capacitor. The rapid leakage current
increase could be attributed to the oxygen vacancy segrega-
tion and the local field concentration in cathodes. The
leakage current with P =0 increased about one order of
magnitude, and was remarkably enhanced (~40x) under
positive bias and inhibited (~5x) under negative bias. This
agrees with the evolution of oxygen vacancies and local fields
shown in Fig. 4. It should also be noted that the current
underwent an observable decrease before 7= 10°s under
negative bias (blue line in Fig. 5). This is because of the elec-
tric current along +z direction due to the positive local field
at cathode region [Fig. 4(e)], which offset the negative cur-
rent along —z direction inside the bulk BaTiO;. When
1> 10’ s, the local field at cathode further decreased to nega-
tive (blue line in Fig. 5) so that the total current along —z
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Fig. 5. Leakage current evolution of BaTiO; single parallel layer
capacitor under forward bias, reverse bias, and no polarization at
25°C.

direction increased. On the other hand, we also compared
the mean time to failure (MTTF) among the three cases. The
MTTF was determined as the leakage current increases one
decade above its minimum value. From Figs. 4 and 35, it is
evident that the ferroelectric polarization accelerates the oxy-
gen vacancy migration, promotes the net leakage current
increase and decreases the MTTF when it is along the
applied field direction.

The electric field dependence of MTTF was plotted for all
three cases in Fig. 6(a). While the log(MTTF) versus log
(field) curves exhibit almost linear relation at small field
region, a nonlinear field dependence of MTTF is clearly seen
at large field region for all the three cases [Fig. 6(a)]. This
nonlinear dependence of current on electric field has been
reported by Riess er al.*>*® More recently, Randall et al.'®
suggested a ion conduction model to describe the transfer of
oxygen vacancies and used it to account for MTTF data

j=2qoNav exp (—L) sinh (21)

kT

in which j is the current, N is the number of ion, « is the dis-
tance of ion hopping, v is the frequency of ion, U is the acti-
vation energy dependent mainly on temperature, and E is the
applied electric field strength. The life time of capacitor can
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be considered as the time to a certain amount of transport
charge accumulation (Q), which is assumed to be constant at
different temperature and voltage conditions. As a result, the
MTTF can be represented as

. U Ea\ "~
tcth/1=Cexp( s T> <s1 h;]liBT)

_ qOE
logt, = C' —log (smh T T)

(22)

A replot of the field dependence of MTTF with logtch ver-

qoEa
2k T

relations [Fig. 6(b)]. It is found out that the slopes of the
curves are —1.1, —0.97, and —0.97 for positive bias, negative
bias, and no polarization cases, respectively. This agrees well
with 1 5the phenomenological model proposed by Randall
et al.

sus log(smh from our simulation clearly shows linear

IV. Summary

In this paper, we developed a phase-field model combined
with nonlinear transport equations to study the resistance
degradation behavior of mono-domain BaTiOs single plate
capacitor. Our results show that the electrochemical migra-
tion of oxygen vacancies contributes to the resistance degra-
dation. On the other hand, the ferroelectric polarization
modulates the local electric field distribution at the metal/fer-
roelectric interfaces, promotes the oxygen vacancy segrega-
tion and further deteriorates the resistance of the capacitor
when it is along the direction of the external applied field.
Our simulation result on the nonlinear electric field strength
dependence of MTTF agrees well with a recently reported
ion conduction model. In the future we will further extend
the current model to incorporate the multidomain structures
and grain structures to study their effect on transport dynam-
ics and degradation behaviors.
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