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Jurij Koruza

Linear and 3D Defects in Piezoelectric Materials:
Useful Imperfections

It is our imperfections that make us humans interesting. A similar statement can be made for many
electroceramics. While one- and multidimensional defects are conventionally being avoided, we
demonstrate that their selective use can lead to a strong enhancement of piezoelectric and dielectric
properties. Moreover, their stability can help to extend the operating limits of our electronic devices.

Piezoceramics have the unique ability to Since most piezoceramics are also ferro-
convert mechanical signals into electrical  electric, the dynamics of ferroelectric do-
ones and vice versa. This property made mains contributes decisively to their macro-
them indispensable in many everyday de-  scopic response. Historically, researchers
vices, such as sensors, actuators, minia- have strived to prepare these materials in
ture motors, and ultrasonic transducers  a single-phase form with uniform micro-
(Fig. 1a). Moreover, they are becoming in-  structures. The only appreciated defects
creasingly important parts of emerging  were acceptor/donor dopants (0D defects),
technologies in consumer electronics, au-  which allow controlling the movement of
tonomous vehicles, Internet of Things, domain walls (Figure 1b,c); increasing the

medical robotics, and in-body sensors. movement increases the strain (soft piezo-
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Figure 1: a) Piezoceramic market by end use [1].
b) Applications require either large strain (soft) or low losses/hysteresis (hard).
c¢) Piezoceramic microstructure with ferroelectric domains (blue), pinned by point defects (orange).
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The typically-used piezoceramics have a
perovskite crystal structure and can thus
be described as ferroelectric and ferro-
elastic. This means that the motion of the
domain walls is affected by both electric
fields and mechanical stress. However,
clamping the domain walls externally
using these stimuli is impractical. It would
therefore be more efficient if the clamp-
ing could originate from the sample’s own
microstructure, e.g., from a defect “sitting”
in the piezoceramic matrix (Figure. 2a,b).
To achieve this, we introduced ZnO in-
clusions [2], which have previously been
shown to increase material’s depolarization
temperature [3]. The different thermal ex-
pansion of these 3D defects imposed
thermal stress on the matrix grains, while
their non-ferroelectric behaviour rendered
them rigid during electric field application
[4]. Moreover, the charge separation in the
semiconducting ZnO additionally pinned
the domain walls at the semiconductor/
piezoceramic boundaries. Both effects re-
sulted in reduced domain wall movement
and a twofold reduction in mechanical and
piezoelectric losses, which is crucial for
high-frequency applications.

Figure 2:

Piezoelectric hardening by
secondary phases (a).

Zn0 inclusions in
piezoceramic

Na,/2Bi, ,Ti0 -BaTi0,
(inset was taken using
piezoresponse force
microscopy) (b)

and CaTi0, precipitates

in piezoceramic
(Ba,Ca)Ti0, (c) [2-4].
Scanning and transmission
electron microscopy.

Source: AIP Publishing and Elsevier
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Although ZnO inclusions interacted with
domain walls, their positioning enabled
only domains located near the boundaries
to be pinned, while those positions inside
the matrix grains remained unaffected. A
homogeneous distribution of the second-
ary phase within the piezoceramic grains
would have been much more desired.
However, this is not easily achieved with
conventional ceramic processing. To solve
this problem, we “borrowed” an approach
from metallurgy. Precipitation hardening is
an established method for increasing the
yield strength of metals, whereby precip-
itates are formed by annealing a super-
saturated solid solution. We selected the
piezoceramic system (Ba,CajTiO,, which
exhibits a curved line of solid solubility in
its phase diagram. The material was first
sintered at high temperature in the single-
phase region (high solubility of Ca in BaTiO,)

and subsequently quenched to preserve
this state. The supersaturated solution was
then aged at an intermediate temperature,
forming non-ferroelectric CaTiO,-rich pre-
cipitates in the piezoceramic BaTiO,-rich
matrix (Fig. 2c). The precipitates pinned
the domain walls and thus reduced the
losses [5].

3D defects are not the only microstruc-
tural imperfections that can be used to
our advantage. An even stronger inter-
action can be expected when the defect
size is reduced below the domain size, i.e.
to the range of a few nanometres. Exam-
ple are 1D linear defects called disloca-
tions. While dislocation movement is one
of the fundamental mechanisms in metals,
they have not attracted much attention in
ceramics. However, dislocations in ionic
materials are expected to exhibit >



TU Graz research

22 @O ADVANCED MATERIALS FIELDS OF EXPERTISE
OOO SCIENCE 2021-2/426

not only strain fields but also a charged

layer (Figure 3). Thus, they offer an easy P

core and an associated space charge \__/_3_,__...—/
way to introduce local mechanical and \
electric fields into the microstructure. The @
main challenge is to introduce a sufficiently :

large dislocation density into brittle oxides. a)
We have demonstrated that dislocation

networks can be imprinted either by
room-temperature plastic deformation
(in KNbO, [6]) or by high-temperature
mechanical creep (in BaTiO, [7]). In-
terestingly, the dislocations pinned the
domain walls and hardened the piezo-
electric at low applied electric fields, but
got depinned at higher electric fields and
caused a mechanical restoring force that
returned the domain walls to their original
position. This led to a huge increase in the
piezoelectric coefficient from 100 pm/V

b
in undeformed samples to 1890 pm/V )
in samples with dislocation networks [7]
(Figure 3c). In addition, the permittivity in-
creased from 170 to 5810.
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