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Abstract. The properties of ferroelectric devices are strongly influenced,
besides crystallographic features, by defects in the material. To study this effect,
a fully coupled electromechanical phase-field model for 2D ferroelectric volume
elements has been developed and implemented in a Finite Element code. Different
kinds of defects were considered: holes, point charges and polarization pinning
in single crystals, as well as grain boundaries in polycrystals, without and with
additional dielectric interphase. The impact of the various types of defects on
the domain configuration and the overall coercive field strength is discussed in
detail. It can be seen that defects lead to nucleation of new domains. Compared
to the energy barrier for switching in an ideal single crystal, the overall coercive
field strength is significantly reduced towards realistic values as they are found
in ferroelectric devices. Also the simulated hysteresis loops show a more realistic
shape in the presence of defects.
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1. Introduction

Piezoelectricity has become very popular in innovative
technologies and has been utilized in a wide range
of industrial applications [1, 2|, including sensors,
actuators, resonators, capacitors, transducers, energy
harvesters, non-volatile FeRAM. Most of available
products are based on ferroelectric materials [3, 4, 5, 6,
7] since they exhibit a large piezoelectric effect. One of
the most prominent materials of this class is the Lead
Zirconate Titanate (Pb(Zr;_,Ti;)03, PZT), a solid
solution of ferroelectric PbTiO3 and antiferroelectric
PbZrOs, which is available in the form of a poly-
crystal material. Ferroelectric ceramics have been
widely employed as a bulk material, but in recent years
they have been also utilized in the form of thin films
in an increasing number of MEMS applications [8, 9].
including print heads for inkjet printers [10], ultrasonic
transducers for acoustic applications [11] as well as
energy harvesting devices [12].

In general, ferroelectric materials present a
spontaneous electrical polarization below a certain
temperature, namely the Curie temperature T¢x. This
is associated with a paraelectric-ferroelectric phase
transition, which consists in the separation of the
centers of positive and negative charges. Typically
ferroelectric materials are divided in domains, i.e.
regions with wuniform polarization, separated by
interfaces called domain walls. Their appearance is
associated with the minimization of the free energy
when the material undergoes the phase transition
from the high-temperature symmetric phase to the
low-temperature phases. Domains can be reoriented
by applying an external electrical or stress field
which can induce a switching between different
metastable states. The reorientation process leads to
microstructural evolution which is the origin of the
macroscopic non-linear electromechanical behaviour
of ferroelectric materials. The capability to orient
the electrical polarization, randomly distributed in
these materials, into a desired direction is known as
poling process. Poling is fundamental in turning inert
ceramics [13, 14] and thin-film materials [15, 16] into
electromechanically active materials. Therefore it is of
paramount importance, in design and optimization of
piezoelectric devices for industrial applications [17], to
be able to characterize the coercive field strength, i.e.
the magnitude of the electric field required to switch
the global polarization, and the remnant polarization

value, i.e. the residual polarization when a zero electric
field is applied. More in general one is interested in
the whole hysteresis loop of the polarization versus the
applied electric field (PvsE).

Firstly, as evidenced in [18], the shape of the
hysteresis loop is strongly affected by the type of
material considered, whether single- or poly-crystal.
Secondly, a number of contributions [19, 20, 21]
have proven that the occurrence of microstructural
defects such as oxygen vacancies, space charges,
dislocations, grain boundaries and voids arising from
fabrication processes can dramatically change the
material behavior. For instance, they have an impact
on the coercive field strength, which is typically orders
of magnitude higher in a single crystal than in real
ferroelectric ceramics. Moreover, defects might be
responsible for the experimentally observed fatigue and
aging of ferroelectrics [22, 23], i.e. the degradation of
the material during electrical loading or in time even
in the absence of an external loading. The aging
phenomenon results in a pinching of the polarization
hysteresis loop (see figure 1(a)), whereas fatigue leads
to a reduction of the hysteresis cycle (see figure 1(b)).
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Figure 1: Hysteresis loops of the polarization versus
the applied electric field for: a) aged and b) fatigued
ferroelectric [23].

The linear theory of piezoelectricity [2] is clearly
not sufficient to predict the polarization distribution in
the material. To understand material properties, one
of the key issues is to develop a modelling capability to
predict the microstructure evolution, the relationship
between microstructure and macroscopic properties,
and the impact of microstructural changes on the
material response to applied fields. There are many
theoretical studies on ferroelectric domain switching
and the related non-linear electromechanical behaviour
[24, 25, 26] and a critical literature review has been
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recently published in [27]. The different approaches
can be classified into three types, based on the scale
of their applicability: macroscopic, mesoscopic and
atomic-level methods.

At the macroscopic scale, several phenomenolog-
ical models have been proposed [28, 29] in which the
total polarization in the material is divided into a re-
versible and an irreversible part, the latter being gov-
erned by some plasticity-like constitutive law.

At the mesoscopic level, on the contrary mi-
cromechanical [30, 31, 32] and phase field models
(33, 34, 35, 36, 37, 38] compute the irreversible part
of polarization by simulating the process of domain
switching.

At the atomic-level, computational models for
ferroelectrics include first-principle methods [39] and
molecular dynamics [40, 41, 42, 43, 44, 45]. Because of
their computational complexity, these techniques can
address small representative volumes in the order of
few tens of nanometers. In the context of a multiscale
modeling approach like in [46, 47], molecular dynamics
can be ideally used to calibrate material parameters for
numerical models at larger scales.

In this work we place ourselves at the meso-
scale and investigate the behaviour of piezo thin
films using the phase-field method (PFM). Since the
seminal contribution by Cahn and Hilliard [48], the
PFM has emerged as one of the preferred tools to
model the evolution of phases and micro-structures
in materials (see [33]). It has been recently applied
to investigate the non-linear response of ferroelectric
single crystals, polycrystals [49, 50, 51] and thin
films [52, 53, 54, 55, 56, 57] and also to address
the interaction between the domain evolution and
microstructural defects [58, 59, 60, 61, 62]. Following
[54, 34, 37, 38], we have developed a numerical tool
based on the Finite Elements (described in Section 3)
with the aim of investigating specific types of defects.
Indeed, in Section 4 we simulate specimens including
voids, charged point defects, regions with polarization
pinning, multigrains with finite dimensional interfaces.
For each of these cases we investigate primarily the
effect on the global hysteresis loop and show how the
response of a perfect crystal is altered towards the
observed behaviour of a realistic thin film.

2. Phase-field model for ferroelectrics

In accordance with the Landau-Devonshire theory of
ferroelectrics [63], the free energy density ¢ for a single
crystal is assumed to depend on the polarization P, its
gradient VP, the small strain tensor € and the electric
displacement D [54, 34, 37, 38]:

$(P,VP,e.D) =y, (P) + 4, (VP)

(1)
+ qumech (P7E) + ’l/)elec (P’ D)

In what follows, we refer to the free energy density
for lead-titanate (PbTiOs), which is a ferroelectric
material with cubic symmetry, widely discussed in
the literature (see, e.g., [54, 55, 56, 57, 59] and
[34, 61, 51, 64]).

The first term in equation (1) denotes the Landau
energy density
Uy, (P) =a1 (P} + P5 + P§) + an (P! + Py + Py)

+a1p(PY P} + P2P} + PiP3)

+ona(PY (P + P§) + P (P} + P3)

+ PP} + P3)) + cnag(PL P3PS
a non-convex functional with minima corresponding
to the spontaneous polarization states (SPS) P*.
Indeed, an isolated idealized crystal below the Curie
temperature T¢ has several SPS in which atoms find
a stable equilibrium with microscopic displacements
relative to the lattice. For instance, a tetragonal
ferroelectric has six equivalent SPS along the < 100 >
axes.

Regions of homogeneous polarization are called
domains and are separated by domain walls. In
phase-field models, the domain wall is modelled as a
diffuse interface with a finite thickness, in which the
polarization changes continuously. The second term
Vora 4(VP) in equation (1) favours the formation of
large domains by penalizing the excessive spread of
interfaces and fixes the domain wall thickness. In our
case we admit a simple “isotropic” formulation with

1
¢grad(VP) :iGll(PIQ,l + P12,2 + P12,3 + P22,1
+ P+ Piy+ PYy + Pio+ Piy).

The third term in equation (1) refers to mechanical
energy

(3)

1 2 2 2
wmcch (P7E) 25011 (611 + €22 + 633)
+ C2 (e11€22 + e11€33 + €32e33) (4)
+2Cu4 (efy +ef3 +€33)
where Cj; are the coeflicients of the stiffness tensor C
for a material with cubic symmetry, and e = & — € is

the elastic strain, with €° spontaneous strains caused
by the polarization field

51 = QuP? + Qu2(P5 + P3),
€5 = QuP; + Qu2(PE + P§), &35 =QuP2Ps, (5)
€55 = Qu P+ Qu2(PE + Py), &i5=QuPPs,

where @);; are the electrostrictive coefficients. Equa-
tion (5) can be put in a compact tensorial form as

€la = QuaP1 Pa,

e =9([P)- P.
Finally, the last part in eq. (1)
1
Vereo Py D) = 5—(D ~P)- (D - P) (6)
Ko
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denotes the electric energy, in which kg is the vacuum
permittivity.

2.1. Equilibrium and constitutive equations

Let us consider a solid 2 subjected to surface forces t
on the I'y portion of 9€2. In the absence of body forces
and assuming quasi static conditions, the mechanical
equilibrium is governed by the field equations

dive =0 in 9, oc-n=t on I} (7)

where o is the Cauchy stress tensor. Additionally,
under the assumption of small perturbations, strain is
measured with the linear tensor € and the displacement
field u is restricted by boundary conditions u = u
on I'y, = 0O\I';. Moreover, having postulated the
free energy in the form of (1), stresses and strains are
associated by the constitutive equation

o= aiw _ awmech
Oe Oe

A second set of field equations governs the electrical
response of the solid {2 subjected to an imposed electric
potential ¢ on I'y € 092. The quasi-static form of
Maxwell’s equations reads

divD=0 in Q, Dn=-w on I, 9)
E=-V¢ in Q, p=¢ on Ty, (10)
where E is the electric field vector and w is the surface

charge density. According to (1), the constitutive
equation relating E and D is

E = 8,(/) _ awelec i

=C:(e—¢%. (8)

= = = D-P 11

oD oD Ko ( ), (11)
which results in the well known formula

D =xoE + P. (12)

As in any phase-field method, a crucial point is the
formulation of the evolution equation for the order
parameter P. A typical intuitive derivation is as
follows. Defining the system free energy

\I/:/deQ,

a relaxation towards the equilibrium condition
0¥ /0P = 0 is postulated in the form:
:B : 887]: = _%7

where B is an inverse kinetic tensor related to the
domain wall mobility and 6 /6P, defined such that

(13)
(14)

50 )
OV = =5 - 0P + O|[oP|

represents the thermodynamic driving force.
the assumption that:

5P . (31/’

Under

aVP~n>_O on 0T,

which implies the boundary conditions

0
av—wp ‘n=0 on I%,
some algebraic manipulations lead to the well-known
time dependent Ginzburg-Landau (TDGL) equation

[65]

5. P _ g, 00 00

ot - Vove  op

It is worth stressing that equation (16), which has
been introduced here in the usual heuristic manner,
can be justified more rigorously from the point of
view of thermodynamics as proposed by Gurtin [66]
and Su and Landis [37]. Their approaches postulate
the existence of internal microstresses € and internal
microforces m accounting for the movement of atoms
within the lattice and respecting the equilibrium
condition

divE+m=0

P=P on TIp, (15)

(16)

in Q. (17)

An application of the second law of thermodynamics
shows that microstresses are work-conjugate of VP,
and that microforces can be divided in two contribu-
tions

o oP
=vp TP T op
Substituting equations (18) into the microforce
equilibrium (17), one obtains again equation (16).

i

(18)

Remark. In the present model, the total polarization
is used as “order parameter”. It is worth stressing that
there are other possible choices [67]. For instance, in
the works of Li et al. [54, 55, 56, 57, 59] and Wang
et al. [34, 52, 50, 51], the spontaneous polarization
is regarded as the order parameter. In such kind
of phase-field models, the spontaneous polarization is
embedded in a background material, for instance in
the paraelectric phase material. For simplicity, the
total polarization P is divided into two components:
the spontaneous polarization P® and the induced
polarization P?, assumed linearly proportional to the
electric field [52]

P’ = koXeE = ro(kr — 1E. (19)

where x. = K, —1 is the electric susceptibility and &, is
the relative permittivity. Consequently, the dielectric
displacement becomes

D = koE + (P" 4+ P*) = kox, E + P* (20)

3. Finite Elements implementation

The multi-field problem is formulated in terms of the
unknown fields u, ¢ and P, which are subjected to the
boundary conditions discussed in the previous section

u=ua onl,, ¢=20¢ on Iy, P=P onTlp.
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Their functional spaces, endowed with sufficient
continuity and respecting the boundary conditions in
strong form, are denoted C, (1), Cy(¢) and Cp(P),
respectively. While constitutive equations are again
enforced in a strong form, equilibrium conditions are
imposed in a weak manner using as test functions

i € Cy(0), ¢ € C4(0), P € Cp(0),

where the spaces C,(0), Cy(0) and Cp(0), collect
functions vanishing on I'y, I'y and I'p, respectively.
Multiplying equations (7), (9) and (17) by the
respective test functions, integrating over 1 and
enforcing the boundary equilibrium conditions

c-n=t on I}y
£ n=0 on Ik,
some standard algebraic manipulations lead to the final
weak form of the equilibrium conditions

find u(x) € C, () such that, va € C,(0)

D-n=-w on T,

/Qa:édQ/FttﬁdFO; (21)
find ¢(x) € Cy(4) such that, Yo € Cy(0)
/D-EdQ+/ wedl = 0; (22)
Q 'y,
find P(x,t) € Cp(P) such that, VP € Cp(0)
oP\ - N N
/QK,B-(%>-P+§.VP+17~P 0=0

vt € [0,T].
Adopting Voigt’s notation, we write the constitutive
laws as

{o} =[Cl({e} - [QP){P}), (24)
{D} = [c{E} + {P}, (25)
{£} = [GI{VP}, (26)

{n} = (la(P)] +21Q(P)] ' [C]Q(P)]) {P}
~2[Q(P)] [Cl{e} - {E}.

A detailed description of all the terms in equations

(24)-(27) is presented in Appendix B for 2D problems.

Equations (21)-(23) can be now expressed in matrix
form as

/Q ({8} [Cl{e} — {8} [ClIQP)H{P}) O =
/F (i} {T}ar,

/ (B} [K{E} + {E} {P})dQ=— / puwdl, (29)
Q Iy

(27)

(28)

/Q (P 181(#} + (vP) ' [G{VP}

+{P} ([(P)] + 2[Q(P)] " [CI[Q(P))){P}
—2{P} [Q(P)]' [CH{e} — {P} {E}]dQ =0,
where P = 9P /0L.

(30)

3.1. Space discretization

We restrict ourselves to 2D problems in which the
polarization and the electric field have only in-plane
components. The space 2 is discretized with six node
triangles. Every node is associated to five degrees of
freedom: two displacement components, one electrical
potential and two polarization components. In each
element the fields are interpolated using quadratic
shape functions for the displacements and the electrical
potential, whereas we select a linear interpolation for
the polarization. This choice is due to the fact that
the polarization is strictly connected to the strain and
to the electric fields, which are the gradients of the
displacements and potential, respectively.

Collecting all the unknowns in the arrays
{U}, {®}, {P}, the discretized weak form generates a
system of non-linear equations:

Ky U + [Kyp (PP} = {Fy 35 (31)
[Kg {2} + [Kgp (PP} = {F . }; (32)
MH{P} + ([Kg] + K (P)D{P} (33)

+ Koy, (P)H{U + [Kpp { @} = {0}

3.2. Time discretization

We adopt a simple staggered approach for the time
marching integration. Assuming that the state at t,, is
known, equations (31)-(32) are imposed at time ¢,4+1
with the following explicit scheme:

[[KU]{[UH-H} = {[FU} - [[KUP ([Pn)]{[Pn};
[Ko[{®nt1} = {Fo} — [Kgp (Pn){Pn}.

The time derivative of the polarization vector is
approximated by finite differences:

{p}:%;ﬂ%}_

With a forward Euler method, equation (33) becomes:
PP} = (M) = At([K ] + [Kp (Po)]) {Pr }
- At([[KPU([Pn)]{lUn-‘rl} + [[KPQ]{(I)?L+1})7

in which {U,41} and {®,41} are the solution of
equations (34)-(35).

(34)
(35)

(36)

(37)

4. Simulation results

The long term motivation of this investigation is the
simulation of thin films deposited on bulk materials for
MEMS applications. Trying to limit the computational
burden as much as possible, we consider a 2D section
of a thin layer of piezo-material extending indefinitely
in the out-of-plane direction and in the z; direction.
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Figure 2: Simulation model: a) Boundary conditions; b) Applied electric field

According to [37] we assume a generalized plane strain
condition:

Py=0, E3=0, (38)

where ¢, is the normal spontaneous strain, i.e. the
remnant e33 strain due to an in-plane spontaneous
polarization when the ferroelectric material transforms
from the cubic phase to the tetragonal phase. E.g., for
the material considered in the present investigation,
(see Appendix A), e; = —0.0149. With this condition
we guarantee zero out-of-plane stress in the initial
configuration where we assume absence of external
mechanical and electrical loading; on the contrary any
further contribution to the e33 strain is physically
prevented by the “infinite” extension of the film in the
3 direction.

Since in this investigation we do not consider
the presence of the substrate, the bottom and top
surfaces are treated as traction free boundaries. On
the contrary, in order to simulate a sufficiently long
extension of the thin film in the x; direction, a
rectangular strip of PTO material of size L x H is
modelled and suitable periodic boundary conditions
are enforced on the vertical sides:

ui(L/2,22) = u1(—L/2,z2) + L < €11 >,
uz(L/2,22) = ua(—L/2, x3),

o(L/2,22) = ¢(—L/2,x2),

Pi(L/2,x25) = Py (—L/2,15),

Py(L/2,29) = Po(—L/2,22),

€13 =¢€23=0,e33=¢

(39)

where < e17 > is an average stretch along the x;
direction which plays a key role in the analyses. In the
presence of a stiff substrate the value of < £17 > would
be imposed to match that of the substrate itself, since
it is known ([53, 68]) that this has an important impact
on the hystereris loop. However, in the present context
we rather focus on the effect of defects and < €11 >
is defined in order to guarantee a sort of “stress free”
condition at the vertical borders. The issue of inserting
stress free conditions in periodic bcs has been clarified

in [69] where a generic 3D periodic cell is addressed.
Here, limiting ourselves to 2D problems, we adopt a
choice which appears as a modification of their ASSF
(Adaptive Spherical Stress Free) option and consists in
setting (see eq.(5)):

<en >=<ej; >=Qu <P} >+Q12a < P> (40)

Basically we aim at letting the material expand freely
in the z; direction when the spontaneous “inelastic”
strain €7, appear. The value of < £1; > clearly evolves
during the analysis. One may argue that also wus
should be modified consistently in order to account
for < €, >. However, its physical meaning is less
evident and, as done in [69], we prefer to disregard the
contribution of off-diagonal components of &°.

Rigid body movements of the specimen are iso-
statically prevented. The electrical potential is set
to zero at the bottom and ¢ = —E,, H at the top,
where F, ., is the applied electric field in the vertical
direction, simulating the presence of the electrodes.
All the analyses addressed in this Section start with
a preliminary phase where the specimen is initially
completely polarized in the x; direction and relaxes
towards an equilibrium configuration with £, = 0.
It is worth stressing that this state could differ from
the trivial solution in the presence of defects. In
subsequent phases, the electric field is applied in the
vertical direction and its value is increased or decreased
step by step by AE. During each loading step the
electric field is kept constant (see figure 2(b)) until the
polarization field relaxes to a steady state. The first
electrical loading steps tend to polarize the material in
the xo direction (poling). Then, the classical hysteresis
loop PvsE is simulated. It is worth stressing that
the initial condition P; = P® and P, = 0 has been
chosen only for simplicity. Other options, like random
polarization with magnitude between 0 and P?®, have
been tested. These lead to different initial relaxed
configurations, but eventually the same macroscopic
hysteresis loop is obtained.
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The material coefficients utilized in the simula-
tions are listed in Appendix A. The selected value
of the gradient coefficient G171 is such that the domain
wall thickness is approximatively 1.5nm. Assuming
that three quadratic triangular elements are sufficient
to capture the sharp interface, the typical finite ele-
ment mesh size is set to 0.5nm in all the analyses
performed. With this refinement level, no numerical
artefacts like mesh pinning have been observed.

4.1. Perfect single crystal

As a first example, figure 3 presents the hysteresis loop
computed for a single square crystal of L = H =
20 nm made of PTO without any imperfection. In this
example, the whole domain simultaneously switches
during the electrical loading and the polarization is
homogeneous.

0.8
ool K
0.4r i

0.2 ' »ww&)o

2
P, [C/m?]
o

-0.2

-04F

-0.6

-0.8F -0 poling T
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A s s s
-3 -2 -1 0 1 2 3

8
E pp [V/M] x10

Figure 3: Hysteresis loop for a perfect single crystal.

For a perfect single crystal the value of the
remnant polarization P, is equal to 0.757 C/m?, i.e. it
coincides the value of the spontaneous polarization P?.
The coercive switching fields are Ecgo=1.52x10% V/m
and Ec180=1.89%10% V/m, for 90° and 180° switching
processes, respectively.

The computed coercive field strength FEcqgo
is about two orders of magnitude higher than
the experimentally measured coercive fields of real
ferroelectric ceramics [17, 70]. Indeed, the simulated
problem represents an idealized system, whereas real
ferroelectric materials contain numerous imperfections
and are typically polycrystalline with a complicated
grain structure. These mechanisms have a strong
impact on the coercive field strength [18], as
investigated in the subsequent sections.

4.2. Defects in a single crystal

The aim of this section is to study the evolution of
ferroelectric domains and their interaction with some
typical defects or imperfections in the materials. In
particular, the effects on the global PvsE hysteresis
loop are investigated. Since it is extremely difficult
to interpret the experimental observations when all
defects are considered simultaneously, in the following
we will focus sequentially on a single crystal of size
L = H = 20nm with three different types of defects:
voids of different shape inside the sample; charged
point defects, reflecting for instance the presence of
an oxygen vacancy; pinning of the polarization.

4.2.1.  Voids in the material. Let us consider the
examples in figure 4 where a square hole (case a), a
circular hole (case b) and four holes (case ¢), have been
inserted in the perfect crystal. We set d = 5nm in case
(a) and R = 2.82nm in case (b), whereas in the last
case d and R are halved, so as to maintain the total
area of the voids A = 25nm? invariant in the three
situations.

The electrical conditions on the hole boundaries
are open-circuited, i.e. D -n = 0, where n is the
outward normal. This is a reasonable approximation
when the medium in the void has a low permittivity
(e.g. air). Figure 5 shows the hysteresis loop and the
domain evolution for case (a). Even with zero applied
electric field, starting from the initial configuration
completely polarized in the horizontal direction, P; =
P?® and P, = 0, the polarization relaxes towards a
multi-domain configuration (1). In particular, two
domains with vertical but opposite polarization are
nucleated between the hole and the corners. This is
induced by the orientation of the surfaces of the square
void which coincide with the possible orientations
of spontaneous polarization. Therefore, P tends to
orient itself parallel to these surfaces thus satisfying
the boundary condition D - n = 0 in an ideal way.
Then, when a positive vertical electric field is applied,
the polarization vector switches almost totally in the
vertical positive direction (2). It is possible to observe
that small regions of opposite polarization persist near
the void borders. It is worth remarking that even
when F,,, = 0 in the hysteresis loop, the presence of
the void induces multi-domain configurations (3),(5).
In particular, many head to head and tail to tail
90° domain walls appear. This is usually considered
to be very unlikely from the physical point of view
since surface charges of equal sign face each other.
However, these domain configurations are enforced
by the periodic boundary conditions. Furthermore,
this evolution of the polarization is qualitatively in
accordance with the results presented in literature
[61, 71].
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Figure 4: Samples with a) a square hole, b) a circle hole and ¢) four holes.

04 § 4

0.2t . .

8
E,pp [V/M] x10

(a) Hysteresis loop PvsE
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(a) Hysteresis loop PvsE

(b) Domain evolution

Figure 5: Specimen with a square hole (case a): a)
hysteresis loop and b) contour plots for P,. The arrows
in the domain evolution indicate the orientation of
polarization vector.

Next we consider case (b) with a circular hole
having the same boundary conditions. It can be
appreciated from figure 6 that the shape of hysteresis
loop is quite different with respect to the previous case.

(b) Domain evolution

Figure 6: Specimen with a circular hole (case b): a)
hysteresis loop and b) contour plots for P,. The arrows
in the domain evolution indicate the orientation of
polarization vector.

Now the void-surface normal is no longer aligned with
the directions of spontaneous polarization. Initially,
four small vertical domains appear in a symmetric
way (1), resulting in a zero macroscopic vertical



Phase-field modeling of domain evolution in ferroelectric materials in the presence of defects 9

1 T T T T

0.8

0.6

04

0.2F

0

2.
P, [C/m?]

0.2f :
04f -

06 1
square
-0.8f ——circle (R = 2.82 nm)|
——circle (R =3.18 nm),
1 L L T

-1 0 1 2 3
8
E pp [VIM] x10

w
'
N

Figure 7: Comparison between the hysteresis loops for
two different values of R in the circle case (b) and the
square case (a).

polarization. Then, the domains get progressively
aligned with the imposed electric field (2),(3) until they
switch almost completely. In the hysteresis loop, when
E,,, = 0 the polarization is almost homogeneous and
aligned in the direction of the applied electric field
(4),(5), with the exception of small regions near the
circular hole.

However, the microstructure evolution in figures
5b and 6b reveals that domains nucleate around the
defect core and their extension and importance could
depend on the perimeter of the void rather than its
area. Still considering a single circular defect, we
therefore set R = 3.18 nm in order to force the same
perimeter (2p = 20nm) as for the square defect. From
figure 7 we can see how the values of the remnant
polarization P, and the coercive field Ec1g9 for the
“equal perimeter circle” are lower than for the “equal
area circle” and globally more similar to the square
case (a).

Case (c) generates an hysteresis loop (see figure 8)
that is a sort of average of the two previous examples:
it has the same shape as case (b), but the same
value of coercive field Ec1g0 as case (a). The domain
evolution is clearly affected by the interaction between
the different holes in the material.

Finally, figure 9 shows the hysteresis loops for the
three examples in figure 4 with the total area of the
voids as invariant, compared with the perfect single
crystal case.

Despite its very qualitative nature, these examples
highlight the potential effects of voids in the material.
Even if the void area represents only 6.35% of the total
area of the specimen analysed, the reduction of the
strength of the coercive field exceeds 50% in cases (a)

1

0.8F

06

0.4

0.2f

|

-04F

2.
P, [C/m?]

-0.6 .-_/_’J_._'____,-J
oL E]
» i i i i
-3 2 1 0 1 2 3
8
Eapp [V/im] %10

(a) Hysteresis loop PvsE

(b) Domain evolution

Figure 8: Specimen with four holes (case c¢): a)
hysteresis loop and b) contour plots for P,. The arrows
in the domain evolution indicate the orientation of
polarization vector.

and (c), less in case (b).

4.2.2. Charged point defect. Let us consider now a
sample containing a defect of charge ¢ placed in its
center. Typically, a point charge positioned at x is
described through the Dirac delta function

p(x) = go(x — %) (41)
where p is the volume density of the charge, which is
included into the Maxwell’s equation (9) as divD—p =
0. In a two-dimensional model, the electric point
charge is a line charge extending to infinity in the x3
direction. Setting ¢ = 5x 107? C/m and proceeding as
described before, we obtain the hysteresis loop PvsE
and the domain patterns depicted in figure 10.

The presence of the charge reduces both the
strength of the coercive field and the value of the
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Figure 9: Comparison between hysteresis loops for the
three samples in Figure 4 and the perfect crystal.

remnant polarization compared to the case of the
perfect crystal. In a sense, the presence of the charge
promotes and facilitate the nucleation of ferroelectric
domains at the site of the charged defect, as described
in the following. Initially, even for E,,, = 0, a domain
in the negative vertical direction is generated between
the charge and one corner (1). When the electric field
increases, a new domain (2) gets rapidly oriented like
the applied electric field and it starts the 90° switching
process. Next the polarization progresses towards a
homogeneous state for high values of F,  (3), but for
a small area in the vicinity of the charge. When the
electric field decreases to zero, switching is triggered
by the fast reorientation in the x; direction (4) of a
domain pinned at the point charge. The process then
progresses symmetrically for negative E, .

As a validation of the present implementation of
the PFM, we compare our finite element simulations
with results presented by Volker et al. in [62], in
which the numerical analéses have been performed
in COMSOLMultiphysics'™. Here, the material
parameters have been chosen following [46, 62] for
PZT material. Figure 11 shows the comparison of
the coercive field strengths computed in the two
implementations, showing an excellent agreement. It
is worth stressing that for an increasing charge density,
both coercive field strengths, Ecgg and Fcigg, are
reduced significantly. In particular, the coercive field
FEc1sp is affected more by the defect than Ecgg and the
two values converge for high charge values. This could
be possibly explained by noting that the concentrated
charge actually separates the 180° switching process in
two 90° sub-processes.
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(a) Hysteresis loop PvsE

(b) Domain evolution

Figure 10: Specimen with a charge ¢ = 5 x 1072 C/m
in its center: a) hysteresis loop and b) contour plots
for Py. The arrows in the domain evolution indicate
the orientation of polarization vector.

4.2.8.  Polarization pinning. Ferroelectric materials
are subjected to degradation in time even in the
absence of external loading. This phenomenon is
commonly defined as aging. Typically, the most
common reason for aging is the migration of charged
defects, like oxygen vacancies, which stabilize a
given domain configuration, hindering the polarization
reversal when an electric field is applied [22]. The
simplest way to reproduce this situation is to consider
a polarization defect in the form of a region where the
polarization is pinned in one configuration without any
possibility to evolve. Therefore, we simulate a square
sample of area A = 25nm?, in which the polarization
is oriented in x; direction (P = (P?®;0)), that is
orthogonal to the applied electric field (figure 12).
The hysteresis loop and the domain patterns
obtained in the presence of this polarization defect is
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Figure 11: Comparison of the values of the coercive
fields computed for several charge densities with the
present model (straight line) vs. those presented in [62]
(dashed line). PZT material.
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Figure 12: Sample with a region of area A = 25nm?
where the polarization is pinned in z; direction.

shown in figure 13. Initially the polarization is oriented
completely in the horizontal direction (1), as in the case
of a perfect single crystal. Applying a positive electric
field, multidomain configurations (2),(3) are generated,
but when the electric field is removed the specimen
recovers the initial condition with uniform polarization
in x; direction, resulting in an unpoled state in the
hysteresis loop PvsFE. This happens because continuity
at the boundaries of the pinned area drives the system
back into a state of minimum energy with P, = 0. For
a negative electric field, we observe a similar behaviour
of the hysteresis loop (4),(5), which eventually features
two totally distinct and symmetric cycles.

It is worth stressing note that the shape of the
obtained loop is very similar to the response of an aged
ferroelectric (see figure la), thus strongly supporting
the initial guess that aging might be also associated to
polarization pinning.
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Figure 13: Sample with a pinning area in its center:
a) hysteresis loop and b) contour plots for P,. The
arrows in the domain evolution indicate the orientation
of polarization vector.

Another approach to simulate a pinned polarized
domain would be to consider an electric dipole in the
sample by placing two charge defects with opposite
sign separated by a distance d, inducing an electric
dipole moment p = gd = PA. In order to compare
the two approaches, we consider two charges with
q = 3.75 x 1079 C/m placed in x = (—2.5;5) nm and
x = (2.5;5) nm, respectively. The resulting hysteresis
loop is shown in figure 14 indicating a qualitative
accordance with the first simplified approach, thus
supporting our conclusions. However, the presence of
an electric dipole does not prevent the polarization
to evolve in the vicinity of the dipole itself when
the electric field changes direction. Therefore, we
consider the first approach, although simplistic, more
appropriate to simulate the “aging” condition.
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Figure 14: Hysteresis loop for a sample with an electric
dipole.

4.8. Polycrystalline material

Most ferroelectrics are polycrystals composed of several
grains having different orientations and separated by
grain boundaries.  The orientation of the grains
affects the elastic and electrostatic interactions,
whereas the presence of grain boundaries generates
depolarizing fields. Therefore, the multigrain structure
plays an important role in determining the domain
configuration inside the material. We aim at
showing how the multigrain nature of ferroelectric
polycrystalline can impact on their properties, and in
primis on the hysteresis loop.

In the FEM modelling discussed in Section 3 the
polarization vector, as well as the displacements and
the potential, is continuous across elements, following
[50, 51]. This common choice has some important
consequences. When the interface between grains
has “zero” thickness (section 4.3.1), P is continuous
across grains, which might be criticized from a physical
point of view. On the contrary, in section 4.3.2 we
simulate interfaces between grains with finite thickness
and consider them as “amorphous” linear dielectrics
where a discontinuity of polarization across the grain
boundaries can develop.

4.3.1. Effect of grain orientations. In order to
evaluate only the effects of grain orientation, we
analyse the configuration depicted in figure 15(a),
where the specimen of size L = H = 100 nm contains
now 12 grains randomly oriented with boundaries of
zero thickness. More precisely, the grain boundaries
are simply 1D hypersurfaces where the crystal axes
change orientation, but besides this geometrical effect
they are not equipped with any additional physical
properties.

crys
X,

crys
X
o _

crystallographic orientation

Xj

[

a) X{ b)

Figure 15: a) Polycrystalline sample and b) schematic
crystallographic orientation of the grains.

The energy density introduced in section 2 has
been defined for a single grain. In the presence of
multiple grains, the free energy is expressed in the local
reference system of each grain, which is described by
three Euler angles, while the polarization, the strain
and the electric field are backrotated to the global
system by means of the rotation tensor R as P =
R-P%e=R' - e Rand E=R-EC [49, 72, 51],
where the superscript G denotes the global fields. In
the 2D case, the crystallographic orientation of each
grain is only allowed around the out-of-plane axis by
an angle 0 < 0 < 7 (see figure 15(b)). The rotation
tensor is hence associated to the matrix

] = { sin 0 ]

cosf

Figure 16 shows the hysteresis loop and the do-
main evolution for the simulated polycrystalline ferro-
electric. The boundary conditions and the simulation
procedure are the same described previously. From
the domain patterns, it is possible to observe that
the polarization evolves continuously across the grains,
though the orientation of the grains affects this evolu-
tion and makes the homogeneous state almost impos-
sible to reach. It can be also remarked that, from the
macroscopic point of view, the shape of the hysteresis
loop is similar to the case of the perfect single crystal.
However, the coercive field value E¢c1g9 is one order
of magnitude smaller for the polycrystalline material.
This difference is due to the fact that domain switching
is easier when the crystallographic axes in the grains
deviate from the direction of the applied electric field.

cos 0
—siné

(42)

4.8.2.  Effect of grain boundaries. For a complete
description of the polycrystalline ferroelectric, we
consider also the presence of amorphous grain
boundaries with finite dimensions. Here, the
polarization vector does not evolve according to the
TDGL equation, but is assumed equal to

P = ro(ky — 1)E (43)
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where k. is the relative permittivity. Consequently, the
dielectric displacement becomes

D = koE + P = Kok, E (44)

It is worth stressing that this approach apparently
contrasts with [50, 51] where P = 0 in the grain
boundaries. However the difference is due to the fact
that here we consider as order parameter of the PFM
the total polarization and not only the spontaneous
polarization (see the comments in section 2.1).

Let us now focus on the polycrystalline ferroelec-
tric specimen in figure 17, which now includes grain
boundaries of thickness d = 1nm and &, = 66 [50, 51].

The simulated hysteresis loop and the domain
patterns are plotted in figure 18. The values of the
obtained electric coercive fields are Ecgg = 0.6x107
and Fcigo = 1.3x107.  The large decrement is
attributed to the presence of the finite thickness
linear dielectric grain boundaries with a comparably
low permittivity, which weakens the interaction of
polarization across them. They have a shielding effect
allowing the grains to switch more independently, as
shown in the domain evolution, in which a variety of
vortex-type polarization patterns can be observed as
discussed in [73, 74, 75].

FEach grain switches approximatively at its own
coercive field intensity, according to its orientation with
respect to external electric field. On the contrary, in
the previous case, all grains switch at the same time
due to polarization coupling across grain boundaries.
When a positive electric field is applied, the domains
switch partially in the vertical direction. However,
even for large values of E, , the local polarizations
are not fully oriented in the imposed direction (2),(4)
due to the random orientation of the grains. When
E,pp = 0, the random distribution of the grains and
the presence of grain boundaries induce a reduction
of the macroscopic remnant polarization P,, which is
equal to 0.29 C/m?.

It should be noted that the shape of PvsE in fig-
ure 18 is in close accordance with experimental obser-
vations (see, e.g., [18, 17]), validating qualitatively our
representation of polycrystalline ferroelectrics.

5. Conclusion

Defects have an essential impact on the nucleation and
evolution of domains in ferroelectric materials. In this
way they strongly influence the overall properties of
ferroelectric devices. It is the aim of this study to
understand this effect. To this end, a fully coupled
electromechanical phase-field model with polarization
as the order parameter governed by the Ginzburg-
Landau equation has been implemented in an in-house
Finite Element code. The code has been verified

against results in literature. As the material, Lead-
Titanate (PTO) and Lead-Zirconate/Titanate (PZT)
were chosen with the material parameters taken from
literature. It is known that the coercive field strength
obtained from single domain phase-field simulations is
far beyond what is observed in experiments with real
devices.

To investigate the impact of defects on the overall
ferroelectric hysteresis behavior of single crystals, three
types of defects have been investigated: (1) holes of
different shape, (2) charged point defects, (3) pinning
of the polarization. Furthermore, two types of grain
boundaries as a kind of defect in a polycrystal have
been considered, namely either as a purely geometrical
feature of change in crystal orientation or as an
additional dielectric phase between ferroelectric grains.
To study the effect of defects, a 2D volume element
under plane strain condition and periodic boundary
conditions at the sides was subjected to complete
poling and repoling cycle by a vertical electric field.
The finite element mesh was refined to a degree that
no artificial mesh pinning of the domains could occur.

For the holes, we assumed for simplicity an
impermeable boundary condition at their surface. This
is known to be a reasonable approximation for flaws
of non-infinite diameter. Because of the strong effect
of this electric boundary condition, holes showed a
severe influence on the domain configuration in their
neighborhood, even without applied electric field.
In addition, the overall coercive field strength of
the volume element was significantly reduced, since
the presence of such a defect makes easier domain
nucleation possible.

A charged point defect leads to the nucleation
of new domains in a single crystal even without
any external excitation. Our study showed how the
coercive field strength of the volume element for 90-
and 180-degree switching is gradually decreased as the
amount of the charge is increased.

To simulate domain pinning, the polarization in
a part in the center of the simulated single crystal
was fixed. Due to the strong effect of polarization
coupling the overall hysteresis was severely affected.
A strictly pinched hysteresis occurred resembling the
hysteresis shape in aged devices. This finding supports
understandings that polarization pinning is a possible
source for aging in ferroelectric devices.

Concerning polycrystals, we have simulated them
first with the grain boundaries having the only
property to be hypersurfaces separating areas of
different orientation of the crystal axes in different
grains. The resulting hysteresis of the volume element
was of a more or less rectangular shape as in the single
crystal, however the coercive field strength was reduced
by an order of magnitude. The rectangular shape is due
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to the strong polarization coupling between grains in
this case, which triggers switching in all grains once it
has been initiated in the first grain which was easiest
to switch.

Finally, thin additional purely dielectric phases
were introduced at the grain boundaries. These
grain boundary phases led to a certain shielding and,
thus, a decoupling of the domains in neighboring
grains. As a result, instead of the more or less
simultaneous switching of the domains in all grains
in the previous case, now the grains rather switched
more independently one after the other. The switching
of the domains in a grain now mainly depends on
the orientation of the crystal axes of this grain with
respect to the external electric field in the first place.
As a result a more rounded hysteresis loop with many
small switching steps and a small overall coercive field
strength is observed which reflects in a realistic way
experimental observations.

This study shows that understanding the proper-
ties of ferroelectric devices requires looking not only
at crystallographic features but also at defects. When
the crystallographic properties are known, phase-field
modeling is an appropriate approach to simulate the
effect of defects on the overall material properties as
they are encountered in ferroelectric devices.
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(a) Hysteresis loop PvsE
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Figure 16: Polycrystalline ferroelectric with misori-
ented grains and zero thickness grain boundaries: a)
hysteresis loop and b) contour plots for P,. The arrows
in the domains denote the orientation of polarization
vector.
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Figure 18: Polycrystalline ferroelectric with dielectric
grain boundaries of thickness 1 nm and k,=66: a)
hysteresis loop and b) contour plots for P,. The arrows
in the domain evolution indicate the orientation of
polarization vector.
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Appendix A. Energy coefficients

The material coefficients for PbTiO3 utilized in the
simulations are taken from the work of Haun [76] and
are listed in table Al. The spontaneous polarization

magnitude P® = |P*%| at room temperature is equal
to 0.757 C/m? and the normal spontaneous strain
is: e, = —0.0149. Following previous works (see

for instance [57, 34]), the gradient coefficient Gy; is
taken proportional to a reference value G119 = 1.73 -
10719 C=2m3J. In particular, in our simulations we
have chosen G1; = 0.6 G119. The corresponding wall
thickness is about 1.5 nm.

Coefficient  Value Unit

a; -0.1725  (aJ)(nm)(aC)~2
o1 -0.073  (aJ)(nm)?(aC)~*
Qi 0.75 (aJ)(nm)>(aC)~*
111 0.26 (aJ)(nm)?(aC) =6
112 0.61 (aJ)(nm)?(aC) 6
G 0.1038  (aJ)(nm)?(aC)~2
C11 174 (aJ)(nm) =3
Ciz 79 (aJ)(nm)~?
Cu 111 (aJ)(nm)~—3
Q11 0.089 (nm)*(aC)~2
Q12 -0.026 (nm)*(aC)~2
Qa4 0.0338 (nm)*(aC)~2

Table Al: Values of material coefficients for PbTiO3.
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We rewrite constitutive equations (24)-(27) under the plane-strain assumption (38), and using Voigt’s notation.

The stress {o} depends on elastic strains

o1 [ C11 Ciz Ciz 0 ] €11 51
o2 | _| Ci2 Cuu Crz 0 €2 | _ ) €3 (B.1)
033 Cia2 Ci2 Cii O €33 €33 '
012 | 0 0 0 Cus | 2e12 2e7,
where the spontaneous strain {e°}, according to (5), is a function of the polarization components:
o1 [ Cii Ciz Ciz 0] €11 [ QuP1 Q2P
o2 | _| Ci2 Cuu Ciz O g2 | | QuzPr QulPz Py (B.2)
033 Ciz Ciz Cun O €33 Q2P Qi2P Py '
o12 | O 0 0 Cu | 219 | QuaP> QubPy
We then write the expressions of the electric displacement vector {D}:
D1 _ Ko 0 E1 P1
SANEIIS ST ®
of the microstress {€}:
& Gii 0 0 0 Py
522 0 G11 0 0 P2 2
= ’ B4
512 0 0 G11 0 P271 ( )
a1 0 0 0 Gn Pio
and finally of the microforce {n}:
2041 —|—4a11P12 +20¢12P22 0
m _ +60[111P14+Ot112[4P12P22+2P24] P1
12 - 0 2001 + 40&11P22 + 20[12P12 P
+60111 Py + a112[4P7 Py + 2P| (B.5)
011
_o| @ubr QuPr QP QubPs o2 | | Ea
QP> QuPy Q2P QubPr 033 Ey
012

where the matrix [a(P)] contains the contribution of the Landau energy (2).
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