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ABSTRACT

The dependence of the dielectric permittivity of ferroelectric materials on electric field magnitude impacts the performance of ferroelectric
devices. In a ferroelectric generator, a shock wave travels through the ferroelectric element and depolarizes it, and surface charges are
released from the element electrodes, resulting in the generation of a megawatt power level for several microseconds. The dielectric proper-
ties of the compressed and uncompressed zones of the ferroelectric element affect the generated voltage and energy. The results of previous
studies indicate that the low-field dielectric permittivity of poled Pbgg9(Zr¢.95Ti0.05)0.9sNbo 0203 (PZT 95/5) ferroelectrics in the uncom-
pressed zone differs significantly from the high-field permittivity. Herein, the results are presented from the experimental investigation of
the high-field permittivity of poled uncompressed PZT 95/5 ferroelectric ceramics and films, PZT 52/48 ferroelectric ceramics, and rhombo-
hedral 0.27Pb(1n1/2Nb1/2)03—0.47Pb(Mg1/3Nb2/3)03—0.26PbTiO3 (027PIN'PMN-026PT) and 068Pb(Mg1/3Nb2/3)O3—032PbT103
(0.68PMN-0.32PT) ferroelectric single crystals. The dependences of the permittivity on the electric field were determined using a pulsed
electric field ranging from 0.1 to 10kV/mm. The data indicate that the application of a pulsed high electric field results in a fourfold
increase in the relative permittivity of PZT 95/5 ceramics and films over the small signal value (from 300 to 1200), and a threefold increase
in the permittivity of single-domain [111]. cut and poled 0.27PIN-PMN-0.26PT crystals (from 700 to 2100), while a high electric field does
not have a significant impact on the permittivity of PZT 52/48 ceramics or 0.27PIN-PMN-0.26PT and 0.68PMN-0.32PT crystals cut and
poled in the domain engineered [001]. or [011]. direction.
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I. INTRODUCTION thus, can be used in high-power FEGs." "' Most FEGs are
designed to operate with the shock wave oriented to travel parallel

Electrical energy can be generated in ferroelectric materials )
to the electrodes as shown in Fig. 1.

through stress-induced dipole reorientation or a phase transforma- ) )
tion to a non-polar phase. Compact autonomous power generation As t.he S.hf)Ck Wave passes through the ferroelectric elemept, its
devices, i.e., shock wave driven ferroelectric generators (FEGs), that volume is divided into two zones. The compressed zone is the
exploit the spontaneous polarization of ferroelectric materials are portion through which the shock wave has already passed. For the
capable of producing hundreds of kilovolts of electric potential, kil- case where the shock wave travels parallel to the electrodes, the fer-
oamperes of electrical current, and megawatt power levels for brief roelectric element behaves as two nonlinear capacitors in parallel as
intervals of time.'™ Several types of ferroelectric ceramics and shown in Fig. 1. The ferroelectric material in the compressed zone
single crystals can be depolarized under shock compression and, is depolarized and generally has a lower dielectric permittivity than
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FIG. 1. Equivalent circuit for the shock depolarization process where the shock
has propagated part way across the specimen. Q, is the stress-induced
charge. P, is the remanent polarization vector. V, is the generated voltage. A,
and A, are the areas of electrodes of uncompressed and compressed zones of
the ferroelectric element, respectively. €1 and e, are the permittivity of uncom-
pressed and compressed zones, respectively. C is the capacitance of the
element.

the uncompressed material. At zero electric field, a poled ferroelec-
tric has a surface charge density equivalent to the remanent polari-
zation of the material. This is referred to as the screening charge
that terminates the normal component of the electric displacement.
Compression reduces or eliminates the polarization either through
a ferroelastic effect or a phase transformation. This results in the
screening charge becoming free charge on the electrodes of a capac-
itor. In the equivalent circuit of Fig. 1, the compressed zone and
uncompressed zone share the same electrodes and are, thus, repre-
sented as two capacitors in parallel. When the polarization is
reduced by compressive stress in the shocked zone, the screening
charge is redistributed across the two capacitors. Under open
circuit conditions, a high voltage is generated.

The time dependent voltage generated is a function of the
polarizability of the two zones. If the induced polarization is close
enough to linear that it can be approximated as a linear dielectric,
the capacitance of the ferroelectric element can be determined
from the geometric dimensions of the element, the dielectric prop-
erties of the ferroelectric material in the uncompressed and com-
pressed zones under high electric fields, the volume of material in
each of these zones, and the orientation of the shock relative to the
electrodes (parallel or perpendicular).

This approach can introduce significant error because the
polarizability of the material is nonlinear and, in some cases, hys-
teretic. Rather than using the small-field permittivity obtained from
the slope of the electric displacement vs electric field curve at zero
electric field, the high-field permittivity is obtained from the ratio
of the peak electric field to the peak electric displacement change.
There are large differences between the low-field and the high-field
permittivity. The high-field induced polarization of the material in
the uncompressed zone is important in the design of pulsed power
devices because it has a significant impact on their performance.
The induced polarization is a function of intrinsic piezoelectric effect,
i.e., the component associated with distortions of the perovskite
crystal structure, and extrinsic effects (the component associated
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with domain wall motion). Intrinsic polarization changes tend to
display little hysteresis, whereas extrinsic polarization changes
tend to be hysteretic. The high-field polarizability of ferroelectric
materials loaded in the microsecond time scale has not been well
characterized.

Past work has focused on understanding the material
response based on shock loading. The dielectric permittivity of
shock-compressed  lead  zirconate titanate  composition
PbZrj 95Ti9 0505 doped with 2% of Nb (PZT 95/5) during shock
transit under high electric fields has been investigated by
Lysne,l’“”18 Setchell ef al,'” and Wu et al.’’ The results of these
studies”'°™* indicate that high electric fields have a significant
impact on the permittivity of poled PZT 95/5 in the uncom-
pressed zone, while the permittivity of the depolarized material
in the compressed zone has little correlation with electric field.
Some quasi-static high pressure measurements of permittivity
have been reported. The dielectric properties of PZT 95/5 under
hydrostatic stress and high static electric field were investigated by
Valadez et al.”' Their experimental results indicate that at zero
stress under an electric field of 1kV/mm, the permittivity of
poled PZT 95/5, e(1 kV/mm) =1119, was greater by a factor of
3.7 than the low-field permittivity.

Shock wave ferroelectric generators produce electric fields
exceeding 7kV/mm across their ferroelectric elements.'”>"**
Before the shock has completely propagated across the ferroelectric
element, a part of the element is in the polarized uncompressed
state. Therefore, understanding electrical power output during
shock transit requires a better understanding of the high electric
field dielectric permittivity of the poled ferroelectric material in the
uncompressed zone.

Measurement of the dielectric properties of ferroelectrics using
shock wave loading experiments is a challenging task because of the
complex electrical response of the uncompressed and compressed
zones of the ferroelectric element and the difficulty of isolating the
response of the material in the compressed zone from the response
of the material in the uncompressed zone from the single output
signal. This led to the development reported here of an experimental
arrangement suitable for measuring the polarization response to a
high electric field applied in the microsecond time frame.

Il. EXPERIMENTAL

To measure the permittivity of poled uncompressed ferroelec-
tric materials under pulsed high electric fields, an experimental
system was developed that provided the magnitude and dynamics of
charging current and voltage under testing conditions that are very
close to those that occur in the uncompressed zone of an FEG. The
rise time of the voltage generated by an FEG lies in the microsecond
range.' """ The experimental system (Fig. 2) was based on a Tesla
pulser. A DC high voltage power supply charged the primary capaci-
tor bank of the Tesla pulser. When the charging voltage reached the
desired level, the spark gap switch closed, the capacitor bank dis-
charged into the Tesla primary winding, and a high voltage pulse
was applied to the ferroelectric element under test. The voltage
across the ferroelectric element was monitored with a Tektronix
P6015A high voltage probe or North Star PVM-5 probe. The current
was monitored with Pearson 411 and 4100 current probes.
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FIG. 2. Schematic of the experimental system used to investigate the dielectric permittivity of ferroelectric materials under pulsed high electric fields under ambient

conditions.

In all experiments, the polarity of the voltage generated across
the ferroelectric elements under test was identical to the voltage
polarity for FEGs operating in the high voltage mode; i.e., the
applied pulsed electric field was oriented to increase the polariza-
tion of the ferroelectric elements. This would correspond to the
second pulse used in PUND testing where the first voltage loading
is used to induce ferroelectric polarization reorientation, resulting
in remanent polarization, and the second pulse is used to measure
the change of polarization of the material once in the poled state
plus any additional charge needed to charge the associated
circuit.”

PbZry95Tip0s0; doped with 2% of Nb (PZT 95/5),
PbZry 5, Tip 4505 doped with 1% of Nb (PZT 52/48) ferroelectric
ceramics, thombohedral 0.27Pb(In;,,Nb;,,)03-0.47Pb(Mg;,3Nb,/3)
05-0.26PbTi0; (0.27PIN-PMN-0.26PT) single crystals, and rhom-
bohedral O68Pb(Mg1/3Nb2/3)O3—032PleO3 (068PMN—0.32PT)
crystals were investigated. These ferroelectric materials are used in
high-power applications.'”>”'*'>'* TRS Technologies Inc. pro-
vided the PZT 95/5 «ceramic and film elements,
0.27PIN-PMN-0.26PT crystals, and 0.68PMN-0.32PT crystals. The
0.27PIN-PMN-0.26PT crystal elements were cut and poled in the
[001]., [011],, or [111]. directions. The 0.68PMN-0.32PT crystal
elements were cut and poled in the [001]. or [011]. directions.
EDO Ceramic Corp. provided the PZT 52/48 ceramic elements
(trade name: EC-64).

lll. PERMITTIVITY OF FERROELECTRIC MATERIALS
UNDER PULSED HIGH ELECTRIC FIELDS

A. PZT 95/5 ceramics

Pulsed electric field permittivity measurements were per-
formed on PZT 95/5 ceramic elements with electrode areas of
12.7 x 12.7 mm? and two different thicknesses, 5 and 1 mm, and

PZT 95/5 films with a thickness of 32 um and an electrode area
of 4.0 x 6.3 mm?. The remanent polarization of the elements was
P,=34uC/cm? The elements were encapsulated with a urethane
compound as an electrical insulating material similar to that
used in our FEGs. The results of experimental investigations of
electric breakdown in ferroelectrics under ambient condi-
tions’®?” indicate that near the breakdown point, the electric
field causes the formation of conductive channels. It was experi-
mentally demonstrated”>*” that the formation of tubular chan-
nels extending from an initial conducting crack occurred in the
direction of the applied electric field. To avoid irreversible
changes in ferroelectric materials and a corresponding leakage
current, we performed the permittivity measurements at electric
fields 30% lower than the breakdown field of the investigated
ferroelectric elements.

The PZT 95/5 composition is just to the ferroelectric side of
the antiferroelectric-ferroelectric (AFE-FE) phase boundary.28
Upon cooling from high temperature, the material at room temper-
ature is in the ferroelectric phase. Application of a strong electric
field drives the material into a higher volume poled ferroelectric
phase; i.e., the material remains in the ferroelectric phase under a
strong electric field.

Figure 3(a) shows the voltage waveform generated across a
poled PZT 95/5 element of 5x 12.7 x 12.7 mm>. The rise time of
the voltage pulse was 1.2 us, and the amplitude was 22.5kV (the
electric field was 4.5 kV/mm). Figure 3(b) shows the waveforms of
the charging current and electric charge transferred into the
element determined from a time integral of the charging current.

The capacitance of the PZT 95/5 [Figs. 3(a) and 3(b)]
obtained from a low-field measurement performed before the high-
field experiment was 88pF, and the corresponding relative
dielectric permittivity was € =307. The instantaneous capacitance
of the ferroelectric element under pulsed electric fields, C(t), was
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FIG. 3. (a) Waveform of the voltage generated across a PZT 95/5 element of 5 x 12.7 x 12.7 mm®. (b) Waveforms of the charging current and electric charge transferred
into the element. (c) Experimentally obtained dependences of the permittivity of PZT 95/5 ceramic elements of 5 x 12.7 x 12.7 mm (squares), PZT 95/5 ceramic elements
of 1x12.7 x 12.7 mm? (triangles), and PZT 95/5 films of 32 um x 4.0 mm x 6.3 mm (asterisks) on a pulsed electric field at the first application of the electric field. The per-
mittivity of PZT 52/48 elements of 5x 12.7 x 12.7 mm? is shown by the diamonds. The low-field permittivity for both ferroelectrics is represented by the circles. (d)
Experimentally obtained permittivity of two PZT 95/5 ceramic elements: 5 x 12.7 x 12.7 mm?® (squares) and two PZT 95/5 film elements of 32 um x 4.0 mm x 6.3 mm (aster-

isks) exposed to a high voltage multiple times.
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determined from

Q1)

C(t) :W,

1

where V(f) is the voltage generated across the ferroelectric element
and Q(t) is the charge transferred into the element at time ¢.

The relative dielectric permittivity of the ferroelectric
material is

Q) d

) =2 VA

@)

where A is the area of the ferroelectric element electrodes, d is
the thickness of the ferroelectric element, and ¢, is the dielectric
permittivity of free space.

Substituting parameters from the experiment in Figs. 3(a)
and 3(b) [V(1.2us)=225kV, d=5mm, A=161cm? and Q
(1.2 us) =7.6 uC] into Eq. (2) gives the relative permittivity of PZT
95/5 under an electric field of 4.5kV/mm, £(4.5 kV/mm) =1182,
which is significantly higher than the low-field permittivity.

Figure 3(c) shows the experimentally obtained dependence of
the permittivity of sixteen 5mm thick PZT 95/5 ceramic elements,
eight 1 mm thick PZT 95/5 ceramic elements, and eight 32um
thick PZT 95/5 film elements as a function of pulsed electric field.
In these experiments, each PZT 95/5 element was under a high
voltage test only once. This was to provide experimental conditions
that were identical to those in shock wave driven FEGs, where the
elements are exposed to a high electric field only once.

The experimental results [Fig. 3(c)] indicate that the high-field
permittivity of PZT 95/5 films is very close to those obtained for
PZT 95/5 ceramic elements with 1 mm and 5mm thickness (the
asterisks, triangles, and squares in Fig. 3). The element thickness
and the area of the element electrodes did not have a significant
impact on the permittivity of PZT 95/5 under a pulsed electric
field.

Ceramic PZT compositions have a grain size in the 5-10 um
range. Each grain contains multiple domains. The specimens tested
each had a thickness that is many grains thick; thus, the resulting
measurements give the volume average response of the materials
without displaying thickness effects that would be present in ele-
ments with thickness on the order of the grain size.

The experimental data indicate that an increase in the electric
field from 0 to 4kV/mm results in an increase in the permittivity
of PZT 95/5 by a factor of 4 (300-1200), while a further increase in
the electric field does not result in a significant change in the
permittivity.

We measured the capacitance of PZT 95/5 elements with a
QuadTech 7600 LCR-meter before and after high voltage experi-
ments. The results of these measurements indicate that the low-
field capacitance and the corresponding permittivity practically did
not change after the application of a high voltage; i.e., after the
high voltage pulse, the low-field permittivity of PZT 95/5 returned
to its original value.

In the second experimental series, two PZT 95/5 elements of
5x12.7 x 12.7 mm’ and two PZT 95/5 film elements with a thick-
ness of 32 um and an electrode area of 4.0 x 6.3 mm?* were exposed
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to a high voltage several times. The applied electric field ranged
from 0.1 to 10 kV/mm. Figure 3(d) shows the permittivity depen-
dence on the electric field. The obtained results indicate that the
application of pulsed high electric fields multiple times results in
permittivity levels similar to those observed on the first application.

We conducted experiments with 5mm thick PZT 95/5 ele-
ments at two different voltage rise times, 1.2 and 0.6 us. We did not
observe a significant impact of the loading rate on the high-field
permittivity in the range tested.

B. PZT 52/48 ferroelectric ceramics

PZT 52/48 ferroelectric ceramics are utilized in both shock
wave FEGs and non-explosive high-power piezoelectric genera-
tors.”>”'> We investigated the high electric field permittivity of
PZT 52/48 elements with a thickness of 5mm and an electrode
area of 12.7 x 12.7 mm?>. The remanent polarization of the elements
was P, =32 uC/cm?.

Figure 4 shows the voltage waveform generated across the
poled PZT 52/48 element and the waveforms of the charging
current and electric charge transferred into the element. The rise
time of the voltage pulse was 1.4 us, and the amplitude was 14.4 kV
(the electric field was 2.9 kV/mm).

The capacitance of the PZT 52/48 element (Fig. 4) obtained
from low-field measurements was 370 pF, and the corresponding
low-field dielectric permittivity was & = 1293. Substituting parame-
ters from the experiment in Fig. 4 [V(1.64 us) = 14.4kV, d =5 mm,
A=1.61cm? and Q(1.64 us) = 5.8 uC] into Eq. (2) gives the relative
permittivity of poled PZT 52/48 under an electric field of
2.9kV/mm, £(2.9 kV/mm) = 1398, which is close to the low-field
permittivity.

The experimentally obtained dependence of the permittivity

of PZT 52/48 on a pulsed electric field is marked as diamonds in :
Fig. 3(c). The experimental results indicate that a pulsed electric ;

field ranging from 0.2 to 3kV/mm does not have a significant
impact on the permittivity of PZT 52/48.

The PZT 52/48 is a composition at the rhombohedral/tetrago-
nal morphotropic phase boundary (MPB).”® This is a region where
the eight rhombohedral and six tetragonal variants can coexist.
There is a maximum in permittivity as a function of composition
at the 52/48 composition because it is easy for domain walls to
move in this composition. At a high field, depending on the orien-
tation of particular grains and the local intergranular stress, the
field can drive the phase transformations of small regions from the
rhombohedral (R) to the tetragonal (T) phase or from T to R,
further increasing the polarizability. Domain wall motion in the
poled ferroelectric under a strong electric field is countered by
intergranular stress buildup because the shapes of the single-
domain grains are not compatible. The experimental results indi-
cate that these processes are nearly independent of the loading rate
and field amplitudes in the ranges tested.

C. PIN-PMN-PT and PMN-PT single crystals

Relaxor ferroelectric-based PIN-PMN-PT and PMN-PT single
crystals are promising materials for high-power applications.™'*™"
We investigated rhombohedral 0.27PIN-PMN-0.26PT crystals cut
and poled along the [111]., [011], or [001]. crystallographic

0S:11:1Z 20T Yosen 9z

J. Appl. Phys. 135, 034101 (2024); doi: 10.1063/5.0185734
© Author(s) 2024

135, 034101-5


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

ARTICLE pubs.aip.org/aip/jap

(a) 20 [

-
o
|

Voltage (kV)
o

FIG. 4. (a) Waveform of the voltage
generated across a PZT 52/48 element
of 5x12.7 x12.7mm®. (b) Waveforms

5 i
ok
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6 1.8
Time (us)
(b)72

o
:v'v

A
[o2)
|

Current, | (A)
Now
£ o

of the charging current and electric
charge transferred into the element.

Charge, Q (uC)

0 0.2 0.4 0.6 0.8 1 1.2 1.4
Time (us)

directions. Figures 5(a) and 5(b) show the voltage waveform gener-
ated across a single-domain [111]. cut and poled
0.27PIN-PMN-0.26PT crystal and waveforms of the charging
current and electric charge transferred into the element. The rise
time of the voltage was 1.2 us, and the amplitude was 4.26 kV (the
electric field was 4.26 kV/mm). The crystal thickness was 1 mm,
and its electrode area 5 x 5 mm? The remanent polarization of the
crystals was P, =48 uClem?,

The low-field capacitance of this 0.27PIN-PMN-0.26PT
crystal [Figs. 5(a) and 5(b)] was 160 pF, and the corresponding low-
field dielectric permittivity was € =723. Substituting parameters
from the experiment in Figs. 5(a) and 5(b) [V(—0.85 us) = 4.26 kV,
d=1mm, A=025cm? and Q(—0.85us)=1.89uC] into Eq. (2)
gives €£(4.26 kV/mm)=2004 as the relative permittivity of
0.27PIN-PMN-0.26PT crystal under an electric field of 4.26 kV/mm.
This is significantly higher than the low-field permittivity.

Figure 5(c) shows the experimentally obtained permittivity of
seventeen single-domain 0.27PIN-PMN-0.26PT [111]. crystals under
a pulsed electric field ranging from 0.5 to 7 kV/mm. The permittivity
increases from 720 to 2100 with an increase in the applied field from
0 to 3 kV/mm, while a further increase in the electric field does not
result in a significant change in the permittivity. We observed
similar behavior for the permittivity of PZT 95/5 (Fig. 3).

We also conducted experiments for the secondary application
of a high electric field to single-domain 0.27PIN-PMN-0.26PT
crystals. Two crystals were exposed to a pulsed high pulsed voltage
several times. The obtained data [the asterisks in Fig. 5(c)] indicate
that the application of a high electric field a few times results in
practically the same permittivity levels as it was observed at the
first application.

0: T e B B e L

The low-field capacitance and the corresponding permittivity
of single-domain 0.27PIN-PMN-0.26PT crystals measured before
high voltage experiments were practically equal to those measured
after experiments.

Our experimental electric

results indicate that pulsed

fields ranging from 0.2 to 2kV/mm do not have a significant -

impact on the permittivity of rhombohedral multi-domain
0.27PIN-PMN-0.26PT crystals cut and poled in the [001]. direction
(the low-field permittivity 5100, P,=25 uC/em?) and in the [011].
direction (the low-field permittivity 3800, P,=38 uClem?). We
obtained similar results with rhombohedral 0.68PMN-0.32PT crys-
tals cut and poled along the [001]. or [011]. direction.

Single crystals do not have grains, but they do contain many
domains. In the domain engineered cuts [001]. and [011],, there is
no driving force for domain wall motion and the domain configu-
ration is stable. This gives rise to very low loss (low hysteresis) and
linear dielectric behavior associated with polarization rotation
under an applied field. At electric field levels above a transforma-
tion field, the [001]. crystals will undergo a phase transformation
from rhombohedral to tetragonal and the [011]. crystals will
undergo a phase transformation from rhombohedral to orthorhom-
bic.”” The effects of phase transformations were not observed in
these experiments.

IV. DISCUSSION

An increase in the permittivity of ferroelectrics under a high
electric field has an impact on the characteristics of low-power fer-
roelectric devices and high-power ferroelectric systems operating at
high electric field levels. There are several possible reasons for these
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permittivity changes. High polarizability of the ferroelectric mate-
rial can be one of the reasons a high voltage pulse causes a different
permittivity of a poled ferroelectric than is indicated by low-field
measurements.

Our experiments do not isolate the different contributions to
polarizability. They give the volume average polarization change.
Possible sources of the polarization change include intrinsic piezo-
electricity (distortion of the crystal structure), domain wall motion
(this contributes to hysteresis and heat generation), and phase
transformations. PZT 95/5 in the polarized state is in the rhombo-
hedral phase and the electric field is in the direction that further
stabilizes the rhombohedral phase; thus, it is unlikely that phase
transformation effects are present.

PZT 52/48 is at the MPB, so some amount of shifting between
rhombohedral, monoclinic, and tetragonal is likely contributing to
the increased polarization under a high electric field applied in the
polarization direction. Domain wall motion is known to take place

in the ferroelectric ceramic compositions (PZT 95/5 and PZT 52/
48). This contributes to the high-field permittivity.

Domain walls are stable in the domain engineered single
crystal cuts [001]. and [011],, resulting in permittivity that is inde-
pendent of the electric field over the range measured. Domain wall
motion does take place in the [111]. single crystals, resulting in an
extrinsic contribution to the high-field permittivity.

Polarization change associated with domain wall motion, i.e.,
extrinsic polarization change, is well known to be time dependent.
This is the reason it is important to have data from measurements
run at the same time scale as the loading in FEGs.

Defect structures in PZT affect domain wall motion and other
material properties.”” Nb is a donor dopant. As discussed in
Ref. 31, the donor doping of PZT with Nb increases the resistivity
and the mobility of domain walls, while decreasing oxygen vacancy
concentration, thus increasing the piezoelectric response. Although
the defect structure contributes to the polarizability, bulk
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measurements like those reported here cannot isolate the effects of
defects from other contributions to the polarizability of the
material.

In the measurements, the ferroelectric began in a polarized state
and the voltage pulse was applied in the direction of the polarization.
This is the equivalent of the second positive pulse of a PUND mea-
surement”” following the first positive pulse. Although leakage would
result in the measured charge flow, D-E loops are run in the seconds
time scale without discernable leakage and these experiments were
run in the microseconds time scale. This would further reduce any
leakage current effects by multiple orders of magnitude and, thus,
leakage effects on the results are not believed to be present.

Figure 6 shows the hysteresis loops at three electric field levels
for the 1 mm thick PZT 95/5 ceramic element investigated in this
paper. The figure demonstrates how polarizability changes with
increasing imposed external electric fields. Logarithmic aging is a
well-known phenomenon in PZT where the remanent polarization
decreases over time and is another possible reason for permittivity
changes. Minor hysteresis loops also occur. When a small cyclic
electric field is applied, it will produce a minor hysteresis loop that
can be modeled as an ellipse. The area within the ellipse is the
dielectric loss per cycle, and the slope is the permittivity; this slope
is smaller than the slope found when unloading from a large elec-
tric field. There is also a saturation phenomenon at higher electric
field where the hysteresis loop flattens out. This flattening of minor
hysteresis loops to levels beyond the small-field response (ellipse
idealization) is referred to as Rayleigh behavior. The remanent
polarization of PZT 95/5 (Fig. 6) is 37.6, 41.3, and 43.0 uC/cm®
under electric fields of 2.0, 4.0, and 6.0 kV/mm, respectively; i.e.,
the polarization is directly proportional to the applied electric field.

The high polarizability of PZT 95/5 (Fig. 6) contributes to the
increase in its permittivity under a high electric field. Note that a
rising electric field might increase the polarization of an uncom-
pressed PZT 95/5 element to a level significantly higher than the
initial polarization, resulting in an increase in the stress-induced
charge produced by the element during shock transit. It is a
complex and dynamic process; nevertheless, the results obtained in
this study can be used for the analysis of the operation of ferroelec-
tric systems.

The experimental results obtained in this study for high-field
permittivity of PZT 95/5 (Fig. 3) are in agreement with the permit-
tivity of poled PZT 95/5 in the uncompressed zone of the ferroelec-
tric elements during shock wave transit obtained by Setchell et al."’
at 3.4 kV/mm and Wu et al’’ at 1.3 kV/mm. For some applications,
the ferroelectric element of the FEG is connected to the external
circuit through an open switch that is closed when the FEG output
voltage reaches the level required for the operation of the external
circuit. Until the moment when the switch is closed, the ferroelec-
tric element is operating in the open circuit mode. As a shock wave
travels through the element, the volume fraction of the ferroelectric
material behind the moving shock front is compressed and depo-
larized and the volume fraction of material ahead of the shock
front has not yet been compressed. The experimental observations

are that when the shock is traveling parallel to the electrodes in a :

transverse FEG, the output voltage reaches the operating level when
a portion of ferroelectric materials (from 10% to 50%) is depolar-
ized but the remaining material is in the uncompressed polarized
state.'”***” The compressed material behaves as a capacitor, with
the compressed material dielectric permittivity and a surface charge
equal to the shock-induced reduction of remanent polarization.
This capacitor is in parallel with a second capacitor (the uncom-
pressed material) that behaves with the uncompressed material
dielectric permittivity (Fig. 1).

The voltage produced by a shock-compressed ferroelectric
element in the open circuit mode is directly proportional to the
amount of stress-released electric charge and inversely proportional
to the capacitance of the element,

Qaw(8)

Crec(t) ®)

Viea(t) =

where Vgpg(f) is the voltage generated by the ferroelectric element
at time t, Q,(f) is the electric charge released by the element,
which is bounded by the initial polarization and the electrode area,
and Crgg(t) is the capacitance of the element.

According to Eq. (3), the voltage generated by a partially
depolarized PZT 95/5 element of a transverse FEG could be signifi-
cantly lower than that calculated with the low-field permittivity due
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to the significantly larger high-field permittivity of the uncom-
pressed region of the PZT 95/5 element resulting in a larger capaci-
tance. An increase in the permittivity of uncompressed PZT 95/5
under high electric fields might also have an impact on the ferro-
electric element energy density.

Consider a transversely shocked PZT 95/5 ferroelectric
element of 24 (thickness) x 16 (length) x 25 (width) mm?> with an
initial capacitance of 45 pF (typical size for miniature high voltage
FEGs">”**?7). The shock wave propagation direction is parallel to
the length of the element (16 mm) and perpendicular to the
element polarization (the transverse compression mode). The
velocity of the shock wave front is 3.8 mm/us."”>’ At time t = 0.7 us
from the moment when the shock front entered the element, the
shock wave has propagated through the element for 2.7 mm (11%
of the electrode area and element volume). Assuming complete
depolarization of the shocked part of the PZT 95/5 element with
P,=34uC/cm? the stress-released electric charge is Q,
(0.7 us) =22.6 uC. This charge remains on the electrodes of the fer-
roelectric element, resulting in the generation of a high voltage
across the element.

During shock wave transit, the capacitance of a transversely
shocked element is formed by the capacitance of the compressed
part and the capacitance of the uncompressed part in parallel con-
nectivity,

Cen(t) = C(1) + Co(1) =SO( e Az), @)

d d

where C;(t) and C,(t) are the capacitances of the uncompressed
and compressed parts of the element, respectively, A,(f) and A,(f)
are the areas of the electrodes of the uncompressed and compressed
parts of the element, respectively (note that A;+ A,=A, the total
electrode area), d is the ferroelectric element thickness, €, and €,
are the relative dielectric permittivity of the uncompressed and
compressed zones, respectively, and g is the dielectric permittivity
of free space.

The system of Eqs. (3) and (4) was solved using an iterative
method. At the first iteration, the permittivity of the uncompressed
part of the PZT 95/5 element was taken at a low electric field,
€;=305. The permittivity of the compressed PZT 95/5 was
g, =270.”>*' Re-polarization of the compressed part of the element
under a high electric field is not likely because the state of depolari-
zation is stabilized by the applied stress. The first iteration results
indicate that at = 0.7 us, the capacitance of the compressed part of
the element is C,(0.7us) =7 pF, the capacitance of the uncom-
pressed part is C;(0.8 us) =37 pF, and the total capacitance of the
element is Cpe,;(0.7 us) =44 pF. The voltage generated by the
element is V(0.7 us) =512KkV, and the electric field is Eper;
(0.7 us) =21.3 kV/mm.

The electric field obtained in the first iteration is significantly
higher than the breakdown field for PZT 95/5 ceramic ele-
ments."">”*>”" When the electric field within the ferroelectric
element exceeds the breakdown field, conductive channels are
formed within the element body, the electrodes become short-
circuited, and the voltage and electric field across the element goes
down to zero in a hundred nanoseconds.”***” According to the

ARTICLE pubs.aip.org/aip/jap

experimental results,””***” the breakdown field of PZT 95/5 ele-
ments with thicknesses of 20-30 mm at shock wave transit times of
0.5-1.0 us is in the range of 8 kV/mm, which is lower by a factor of
2.6 than the first iteration field (21.3 kV/mm).

For the second iteration, the permittivity of the uncompressed
PZT 95/5 was taken from the experimental &,(E) dependence pre-
sented in Fig. 3(c), €;(8 kV/mm) = 1200, which corresponds to the
permittivity at breakdown field for bulk PZT 95/5 ceramics. The
permittivity of the compressed PZT 95/5 was €, =270 (same as at
the first iteration). The second iteration results indicate that
C,(0.7 us) =7 pF, C1(0.7 us) = 148 pF, and the total capacitance of
the element is Cj,2(0.7 s) =155 pF (triple the first iteration
result). The voltage generated by the element is Vi,
(0.7 us) = 147kV, and the electric field is Ep,,»(0.7 us) = 6.1 kV/mm
(which is lower than the breakdown field). The results obtained at
the third iteration were equal to those at the second iteration
because there is no significant change in the PZT 95/5 permittiv-
ity at an electric field ranging from 4 to 8 kV/mm [Fig. 3(c)]:
Viter3(0.7 us) = 147 kV and Ej,,3(0.7 us) = 6.1 kKV/mm.

Compare the calculation results with the experiment. At the
shock wave transit time of 0.7 us, a transversely shocked PZT 95/5
element (24 x 16 x 25 mm”) of the shock wave driven FEG operat-
ing in the open circuit mode’ produced Vppg(0.7 us) = 154kV and
E(0.7 us) = 6.4 kV/mm, which are in good agreement with the third
iteration results. Therefore, the system of Egs. (3) and (4) along
with the dependence of the permittivity on the electric field
[Fig. 3(c)] can be used to predict the voltage and electric field gen-
erated by shock-compressed PZT 95/5 ferroelectrics at different
moments of shock wave transit. It is important to note that experi-
mentally obtained voltage and electric field generated by a shocked
PZT 95/5 element’ are lower by a factor of 3.3 than the outputs
calculated with Eq. (3) using a low-field permittivity of poled
PZT 95/5 in the uncompressed zone (the first iteration results).

The energy density generated by a transversely shocked ferro-

electric element operating in the open circuit mode is

Crec(t) V (8

wlt) = 2 Vol

®)

where w(t) is the energy density of the ferroelectric element at time
t and Vol is the volume of the element. The Vpps and the volume
of the element can be measured experimentally, while monitoring
the capacitance of the element during shock wave transit is not
possible. However, the element capacitance can be determined
using Egs. (4) and (5) as

g A(t)
A() + Ay(t)

g Ax(t)
Ai() + Ay(t)

eoF Ff: o
w(t) = 5 (

), (6)

where Eppg(t) is the electric field generated within the shocked fer-
roelectric element [Eggg(f) = Veeg(t)/d]. Equation (6) along with
the dependence of the permittivity on the electric field (Fig. 3) can
be used to determine the energy density of PZT 95/5 elements
during shock wave transit.
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FIG. 7. Experimentally obtained electric field (diamonds) generated by a transversely shocked PZT 95/5 element (24 x 16 x 25 mm?®) of the explosively driven FEG during
shock wave transit across the element (raw data are reported in Ref. 9) and the energy density of the element (squares) determined with Eq. (6) using the dependence of
the permittivity of poled uncompressed PZT 95/5 on the electric field (Fig. 3). The energy density of the element determined with Eq. (6) using a low-field permittivity of

poled uncompressed PZT 95/5 (g4 = 305) is shown by the asterisks.

Substituting the parameters for the experiment with the
PZT 95/5 element of 24 x 16 x 25 mm? at the shock transit time of
0.7us (Ref. 9) [E(0.7us) =6.4kV/mm, A; =33 cm? A,=0.7 cm?]
and the permittivity of the poled material in the compressed
zone from the €,(E) dependence in Fig. 3 [g,(6.4 kV/mm) = 1200,
€,=270 into Eq. (6) gives a PZT 95/5 energy density of w
(0.7 us) = 0.19 J/em®.

The analysis of the experimental results for the PZT 95/5
element of 24x16x25mm’ (Ref. 9) [E(0.7 us)=6.4kV/mm,
A, =33 cm? A, = 0.7 cm?] with Eq. (6) using a low-field permittiv-
ity of the poled material in the compressed zone [g; = 305, €, = 270]
gives a PZT 95/5 energy density of w(0.7us)=0.054J/cm’; ie.,
taking into consideration the dependence of the permittivity on
electric field makes a significant difference in the energy density of
shocked ferroelectrics.

Note that in an ideal situation, the electric field within the fer-
roelectric element is not limited by the electric breakdown and the
permittivity of poled ferroelectric in the uncompressed zone does
not depend on the electric field. In this case, the ferroelectric
element would be capable of producing Ej,,;(0.7 us) = 21.3 kV/mm.
Substituting the “ideal” parameters [Ej,,;(0.7us)=21.3kV/mm,
€, =305, £,=270, A; =3.3cm? A,=0.7cm?] into Eq. (6) gives an
energy density of 0.6 J/cm’.

Figure 7 shows the experimentally obtained electric field
generated by a transversely shocked PZT 95/5 element
(24 x 16 x 25 mm®) of the shock wave driven FEG during shock
wave transit across the element’ and the energy density of the
element determined with Eq. (6) using the dependence of the
permittivity of poled uncompressed PZT 95/5 on the electric
field [Fig. 3(c)]. The energy density of the element increases
from 0.09 to 0.26]/cm® over the shock wave transit time.
Figure 7 also shows the energy density of the element determined
with Eq. (6) using a low-field permittivity of poled uncompressed
PZT 95/5 (g, = 305). This energy density is lower by a factor of
3.5 than that determined with the electric-field-dependent
permittivity.

V. CONCLUSIONS

The dielectric permittivity of poled ferroelectric ceramics,
films, and single crystals under pulsed high electric fields was inves-
tigated experimentally. The experimental data indicate that the
application of the pulsed electric field ranging from 0.1 to 10 kV/mm
results in a fourfold increase in the relative permittivity of PZT 95/5
ceramics and films (from 300 to 1200) and a threefold increase in the
permittivity of rhombohedral single-domain 0.27PIN-PMN-0.26PT
crystals (from 720 to 2100), while an electric field does not have a sig-
nificant impact on the permittivity of PZT 52/48 ceramics or multi-

domain 0.27PIN-PMN-0.26PT and 0.68PMN-0.32PT crystals. The !
results of measurements of capacitances of PZT 95/5 ceramics and ;

single-domain 0.27PIN-PMN-0.26PT crystals at low electric fields
indicate that after the high voltage pulse, the low-field permittivity of
these ferroelectrics returned to its original value. An increase in the
permittivity under high electric fields might have a significant impact
on the output characteristics of ferroelectric systems. The results
obtained in this study can be used for the analysis of high-power and
low-power ferroelectric devices operating at high electric fields.
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