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bstract

he properties of piezoelectric ceramic materials are strongly dependent on the degree of polarization as set by the poling process. In the present
ork a soft piezoceramic PZT material was polarized at different poling conditions. The hysteresis loop, the polarization current and pyroelectric

urrent measurements were used to evaluate the polarization state of the material. The hysteresis loop was monitored using a home-made computer
ontrolled Sawyer–Tower circuit. The polarization current was recorded during the poling process at different applied electric fields, poling time
nd temperature. The pyroelectric coefficient and the polarization were calculated from the pyroelectric current. The polarization calculated from
hese data was in excellent agreement with the polarization as calculated from the poling current. The relative permittivity and loss factor were
easured as a function of temperature after different poling conditions. The effects of the various poling conditions on the dielectric and ferroelectric
roperties of the soft PZT are discussed. It is shown that, contrary to common practice, poling at a field slightly larger than the coercive field is
dequate to reach full polarization at room temperature.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Over decades, great attention has been paid to [PbTix
r1−xO3] solid solutions for their extremely strong piezoelectric
ffect.1–4 The coupling factor and relative permittivity are the
ighest near the morphotropic phase boundary1,2,4 making these
aterials extensively used in actuator devices and microelec-

romechanical systems (MEMS).1–3 Poling conditions required
o achieve the optimal piezoelectric characteristics widely vary
or different materials.1 Generally, the major objective in all pol-
ng stages is to induce the maximum degree of domain alignment
y using the lowest electric field, at a temperature as close as
ossible to room temperature (RT) and in the shortest possible
ime.

Although the poling of piezoceramics after manufacturing
s a crucial process and the effect of poling conditions on the
iezoelectric properties has been studied by many authors,5–9
here is not yet a solid model or theory that governs the poling
echanism for a wide spectrum of piezoelectric materials. In the

resent paper, we give preliminary results for studying the effect
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f the poling conditions on the polarization state as well as on
he dielectric and ferroelectric properties. The polarization state
as been evaluated by different techniques via which an attempt
as been made to explain the poling process.

. Theory

.1. Dielectric response

The most obvious physical reason for time-dependent
ielectric response is the inevitable “inertia” of polarization
rocesses.10 By contrast to a dielectric material system the
esponse of free space is instantaneous and therefore the induced
harge (εoE) arising from the response of free space follows the
eld instantaneously. Thus, the charges induced at the sample
lectrodes will be given by the sum of an instantaneous free
pace contribution and the delayed material polarization

(t) = εoE + P(t) (1)
ere D(t) denotes dielectric displacement and it represents the
otal charge density induced at the electrodes. Assuming that a
omogeneous electric field E is applied to a dielectric material,
he current density J(t) through the surface of the material is

mailto:G.d.With@tue.nl
dx.doi.org/10.1016/j.jeurceramsoc.2006.08.014
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he sum of the displacement current dD/dt and the conduction
urrent E/ρ and can be written as:

(t) = dD(t)

dt
+ E

ρ
(2)

here ρ is the dc electrical resistivity. Substituting Eq. (1) in
q. (2) and taking into account that E is constant during poling,

eads to:

(t) = dP(t)

dt
+ E

ρ
(3)

The polarization current dP/dt arises from the tendency of the
olarizing species in the material to respond in a delayed manner
o the exciting field and must go to zero at infinitely long time.
n this sense, this current characterizes the most important prop-
rty of the dielectric system. On the other hand, the conduction
urrent E/ρ is constant with time and arises from a continuous
ovement of free charges across the dielectric material from one

lectrode to another and this current does not change in any way
he “centre of gravity” of the charge distribution in the system.

.2. Polarization switching

Grains in ferroelectric ceramics and polycrystalline films
ontain always multiple domains. Each domain has its own
olarization direction. If the polarization directions through the
aterial are random or distributed in such a way that it leads to
zero net polarization, the pyroelectric and piezoelectric effects
f individual domains will cancel and such material is neither
yroelectric nor piezoelectric.

Polycrystalline ferroelectric materials can be brought into a
olar state by applying an adequate electric field. This process,
hich is referred to as poling, can reorient domains within indi-
idual grains in the direction of the field. A poled polycrystalline
erroelectric exhibits pyroelectric and piezoelectric properties,
ven if many domain walls are still present.

By definition, poling is the dipole alignment by the electric
eld. The polarization after the removal of the field (at zero
eld) is called remanent polarization, Pr. The field necessary to
ring the polarization to zero is called the coercive field, EC.11

he spontaneous polarization Ps can be defined as the surface
harge density16,31 or the dielectric displacement of polar mate-
ial when εr � 1,2 or the dipole moment per unit volume.20,21

t should be noted that the coercive field EC that is determined
rom the intercept of the hysteresis loop with the field axis is
ot an absolute threshold field.12 If a low electric field is applied
pposite to the polarization over a long time, the polarization
ill eventually switch to the opposite direction.11,12 The mech-

nism of polarization switching has been studied in detail for
any bulk and thin-film ferroelectrics.12–16 However, the issue

s not yet well generalized and there is no universal mechanism
alid for polarization reversal in all ferroelectrics.

The switching in ferroelectrics takes place by nucleation of

omains, characterized by “the nucleation time, tn”, the time
ecessary to form all nuclei and domain wall motion, character-
zed by “the domain wall motion time, td”, the time necessary
or one domain to move through the sample. As proposed by

5

t
n
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erz13 and Merz and Fatuzzo14 the total switching time can
hen be approximated by

s ≈ tn + td = tn + d

μE
(4)

here d is the distance that the wall travels and μ is the mobility
f the domain wall. In Merz’s model, it was assumed that the
ucleation of new domains is governed by a statistical law, in
hich at low fields, the probability of forming new domains pn
epends exponentially on the applied field in the following way:

n = po e−α/E

nd, since tn ∼ 1/pn,

n = to eα/E (5)

hen, the maximum switching current may be described by

max = J∞ e−α/E, where J∞ = (Jmax)E=∞ (6)

arameters α, po, to and J∞ are temperature dependent,
ith switching time decreasing as the Curie point is

pproached.11,13–15,17,18 The parameter α is called the activation
eld, and can be considered as the threshold of the field needed

o initiate nucleation.15 In the low-field range, the experimental
urve can be described by Eq. (5) only while in the high field
q. (4) is required. Since ts = tn + td, one can conclude that the
witching time ts is determined by the slower of the two mecha-
isms (nucleation or domain wall motion). At low fields the rate
f nucleation is low so that the switching is primarily governed
y the nucleation (tn � td) leading to an exponential law for the
witching time. On the other hand, we assume that at high fields
he rate of nucleation is extremely large so that the switching
ime is primarily determined by the velocity of the domain walls
td � tn).

The field applied antiparallel to the polarization switches
he polarization from state −P to +P. In his experiment, Merz
howed that the total polarization current curve consists of two
arts.12,13 The first part is due to the fast linear response of the
ielectric and the second part is the current due to polarization
witching. The total area under the curve is equal to

ts

0
J(t) dt = εoE + 2P (7)

lthough Merz’s theory was developed for single crystals, it has
een applied to polycrystalline materials as well (e.g., ref. 18).

. Experimental techniques

Non-poled polycrystalline ceramic samples of soft PZT
PXE52, donor doped PbZr0.415Ti0.585O3) were obtained
rom Morgan Electro Ceramics BV, Eindhoven, the Nether-
ands. The dimensions of the samples under study were

mm × 5 mm × 0.2 mm.

The first step in examining the poling effect was to reveal
he domain structure. The microstructure of poled as well as
on-poled samples was investigated using scanning electron
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and becomes slimmer with vanishing Pr and EC but still surviv-
ing even above TC.
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icroscopy (JEOL, JSM 840A, Japan). First, the sample was
olded in conductive resin, ground and successively polished.
hen the sample surface was etched using 95% water, 5% HCl,
ve to six drops of HF as an etching agent.19 Next, the sample
urfaces were coated with gold by sputtering. The cross-section
ormal to the polarization direction was investigated.

The measurements of polarization can be directly made by
eversing the spontaneous polarization with the applied electric
eld. A computer controlled Sawyer–Tower circuit was used to
xamine the ferroelectric hysteresis loop. The remanent polar-
zation Pr and coercive field EC were measured as a function of
emperature.

The polarization current measurements were carried out
sing a Keithley 6517 Electrometer on initially non-poled sam-
les, provided with Ni-sputtered electrodes covering the com-
lete surface, at different applied electric fields and tempera-
ures. The electric field was applied using the Keithley built-in
oltage source and varied from 2.5 to 25 kV/cm with a response
ime of 5 ms (100 V) and 80 ms (1000 V). For high-temperature

easurements, a set-up in a “Linn Elektronika” oven was used.
he temperature was measured using a type-K thermocouple.
he poling current was continuously recorded while the sam-
le temperature was kept at a fixed value. The polarization was
hen calculated by integrating the experimental poling current
ensity Jpol over the whole measuring time t.10

=
∫ t

0
Jpol dt (8)

fter the poling process, the sample was short-circuited.
The pyroelectric measurements were carried out using the

irect method.20 Using this method a sample poled at least a day
n advance was situated in an oven heated at a constant heating
ate dT/dt of 0.058 ◦C/s. The two electrodes were short-circuited
ia Keithley 6517 electrometer to measure the pyroelectric elec-
ric current. The pyroelectric coefficient p was calculated in
erms of the pyroelectric current Ipyro by

= Ipyro

A

(
dT

dt

)−1

(9)

here A is the electrode area. The spontaneous polarization Ps
as calculated by integrating the pyroelectric coefficient

s = −
∫

p dT (10)

The dielectric parameters (εr, tan δ) of poled and non-poled
amples were measured using RCL Bridge (4284A Precision
CR Meter) at 1 kHz in the temperature range from room tem-
erature up to 250 ◦C.

. Results

.1. Microstructure
Fig. 1 shows the SEM micrographs of a poled sample.
he alignment of the domains is clearly revealed after the
pplication of the applied electric field (15 kV/cm). The average

F
t

Fig. 1. SEM micrograph of a poled sample. The applied field was (15 kV/cm).

rain size is 4.5 �m as determined by the linear intercept
ethod.

.2. Hysteresis loop

The hysteresis loop was observed at 1 Hz to get the highest
olarization. At room temperature the hysteresis loop showed
hat the saturation polarization Psat is 42.5 �C/cm2, the rema-
ent polarization Pr is 35.7 �C/cm2 and the coercive field EC is
.5 kV/cm. Both Pr and EC were measured as a function of tem-
erature (Fig. 2) and are typically decreasing with temperature,
apidly approaching (nearly) zero at 170 ◦C. This temperature
s referred to as the Curie temperature TC.

Worthwhile to mention is that Pr still survives even
bove TC which means that the material shows relaxor-like
ehavior.11,21–24 Also the hysteresis loop was traced with tem-
erature (Fig. 3). As the temperature increases the loop collapses
ig. 2. Remanent polarization (Pr) and coercive field (EC) as a function of
emperature. The applied frequency is 1 Hz.
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4.4. Pyroelectric current
ig. 3. Hysteresis loop as a function of temperature. The polarization reversal w

.3. Polarization current

The polarization current as a function of time at different low
elds (E < EC) (2.5–6 kV/cm) was measured at room tempera-

ure (Fig. 4). The polarization current is initially high and then
hows a fast decay with time passing a hump at a certain time
or certain field. The hump is moving towards shorter time as
he applied field is increasing until it completely diffuses within
he initial high pulse when the coercive field is approached. No
teady-state current is observed in this range of electric field

eaning that the material is still being polarized.
Worthwhile to mention is that at very low field no humps were

bserved in the time interval used. Apparently, it needed a longer
ime than 3 × 103 s. It was, however, found that by increasing

ig. 4. Polarization current as a function of time at different applied poling fields
E < EC). For each curve a different non-poled sample was taken.

(

F
p

mall EC and Pr is still persistent after TC = 170 ◦C. Applied frequency 5 Hz.

he sample temperature, the hump appeared at reasonable time
nd moved towards shorter time as the temperature increases at
rate dependant on the field applied (Figs. 5 and 6). For higher
elds (E ≥ EC), the shape of poling current curves looks very
ifferent. As the initial current is inversely proportional to the
pplied electric field (contrary to a low-field case), a steady-state
urrent, directly proportional to the applied field, appeared after
relatively long time (Fig. 7).
The pyroelectric coefficient was calculated using Eq. (9)
Fig. 8) and shows a very sharp peak at 168 ◦C which is associ-

ig. 5. Polarization current as a function of time at 2.5 kV/cm at different tem-
eratures.
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Fig. 6. Polarization current as a function of time at 3.25 kV/cm at different
temperatures.

Fig. 7. Polarization current as a function of time at different applied poling fields
(E > EC). For each curve a different non-poled sample was taken.

Fig. 8. The pyroelectric coefficient and the calculated polarization for a prepoled
sample.
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ig. 9. Pyroelectric coefficient of the two samples poled at 2.5 kV/cm at room
emperature and 80 ◦C, respectively.

ted with the ferroelectric transition. The other curve represents
he temperature dependence of spontaneous polarization as cal-
ulated from Eq. (10).

The pyroelectric characteristic was employed to assess the
olarization state of samples previously poled at different con-
itions of electric field and time. Samples poled at RT and 80 ◦C
ere subjected to heating at a constant rate and the pyrocur-

ent was monitored for both (Fig. 9). It is clear that the sample
oled at RT (no hump in the poling current curve) has very low
yroelectric activity while the sample poled at 80 ◦C showed a
ignificantly higher pyroelectric activity. The same procedure
as repeated for different samples previously poled at the same

lectric field (4 kV/cm) at RT for 10 and 250 s (Fig. 10). For 10 s
oling the current did not hump since the time was too short.
or 250 s the hump was observed as expected. The pyrocurrent
easured for the non-humping poling curve showed a much

ower pyroelectric coefficient than the humping curve (Fig. 11).

t should be noted that a further increase of the temperature dur-
ng poling leads to rapid depolarization due to the pyroelectric
ffect, as will be elaborated elsewhere.32

ig. 10. Poling current of two samples poled at 4.0 kV/cm at room temperature
or different poling time.
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Fig. 13. Pyroelectric coefficient of the two samples poled as shown in Fig. 14.

ig. 11. Pyroelectric coefficient of the two samples poled as shown in Fig. 12.

As a final confirmation of the significance of the appearance
f the hump in the poling curve as finger-print of the full polar-
zation the following test has been carried out. Two samples were
oled at 3.75 and 4.75 kV/cm for 103 s at RT. They both showed
humped poling curve (Fig. 13). The pyrocurrent was measured

or both and it was found that for both samples the pyroelectric
oefficient peaks were almost identical (Fig. 13).

Fig. 14 shows a significant increase of residual polarization
y increasing the poling field. The remanent polarization as
bserved by hysteresis loop versus temperature measurements
hows a higher magnitude than that of the calculated polariza-
ion from pyroelectricity. This difference can be attributed to the
ack-switching of some reversible domains after removing the
eld.11

.5. Dielectric properties
Fig. 15 shows the temperature dependence of the relative
ermittivity at 1 kHz for different samples poled at different
oling fields including a non-poled sample. The relative permit-
ivity typically drastically increases as the temperature increases

ig. 12. Poling current of two samples poled at 3.75 and 4.75 kV/cm at room
emperature for 103 s.

Fig. 14. Spontaneous polarization as a function of temperature (after poling with
different electric fields) as calculated from pyroelectric coefficient.

Fig. 15. Relative permittivity as a function of temperature at 1 kHz after poling
with different poling electric fields.
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Fig. 16. Dielectric loss factor as a function of temperature at 1 kHz after poling
with different poling electric fields.

Table 1
PXE52 properties

Density (g/cm3) 7.45
Grain size (�m) 4.5
Curie temperature (◦C) 168 (Ipyro–T); 170 (Pr–T);

175 (εr–T)
Resistivity, ρ (� cm) 3.4 × 1010

Relative permittivity (1 kHz/RT) 2260 (non-poled); 5160
(after 25 kV/cm)

tan δ (1 kHz/RT) 0.036 (non-poled); 0.018
(after 25 kV/cm)

Maxwell–Wagner time constant, τ = RC (s) ∼2.58
Remanent polarization, Pr (�C/cm2) 35.7
Saturation polarization, Psat (�C/cm2) 42.5
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oercive field, EC (kV/cm) 7.47
yroelectric coefficient, p at TC (�C/(m2 ◦C)) 4.8 × 10−4

o peak at 175 ◦C and thereafter decreases again. In the low-
emperature region (in the ferroelectric phase) the poling field
until 7.5 kV/cm) shows significant enhancement of the relative
ermittivity and no further enhancement is noticed for poling
elds higher than 7.5 kV/cm.

As the poling field enhances the relative permittivity near
oom temperature it suppresses the peak height at the Curie
ransition and has no influence in the paraelectric phase. Fig. 16
hows the dielectric loss factor as a function of temperature. The
oling field considerably reduces the loss factor till 7.5 kV/cm
hile no further effect was noticed at higher fields. As a com-
on behavior in polycrystalline ferroelectric material the loss

actors peaks at a temperature lower than the Curie transition
emperature.21 For convenience, Table 1 summarizes the phys-
cal properties for PXE52.

. Discussion

.1. Interpretation of the polarization current curves
As has been shown in the hysteresis loop measurements,
he coercive field is about 7.5 kV/cm. The polarization current
urves (Fig. 4) revealed that the threshold field needed to view
he hump within 500 s at room temperature is ∼(1/2)EC. Keep

s
(
a
t
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n mind that the coercive field is not an absolute quantity12

ince by subjecting a non-poled sample to a low field for long
ime interval the polarization will eventually switch. In other
ords, since for a virgin sample (not poled) there is no net
olarization, on average the positive polarization (+1/2)P and
he negative polarization (−1/2)P cancel and the field necessary
o switch one to the other, or at least to make a net (non-zero)
ipole moment, is approximately (1/2)EC, as is experimentally
bserved.

The polarization of PZT is provided by 180◦ and/or 90◦ (for
etragonal structure) and 71◦ and/or 109◦ (for rhombohedral
tructure). All types of switching can occur, however, the distinc-
ion between the different types cannot be made without further
nformation.

The polarization current curves (Figs. 4 and 7) for low and
igh fields, respectively, can be divided into three regions:

Region I: Maxwell–Wagner polarization,25–29

Region II: polarization switching11–18 and
Region III: steady-state conduction current.10

We assume that the low-field curves (Fig. 4) show only
egions I and II since, as we said earlier, at low fields a steady-
tate current was not reached. On the other hand, the high-field
urves (Fig. 7) show only a tail of regions II and III. In the fol-
owing, we discuss in some detail the mechanism occurring in
ach region at low and high poling electric fields.

.2. Low-field regime

Applying a poling dc field to a ferroelectric ceramic leads
o so-called Maxwell–Wagner polarization25–29 indicated by an
nitial current which is decaying by time constant τ = RBCGB,
here, according to Waser,25–28 RB is the grain bulk resistance

nd CGB is the grain boundary capacitance. The current decays
s

MW = Jo e−t/τ

The Maxwell–Wagner (M–W) (or space charge polarization
s it is referred to in some texts28) is limited to short time only
region I). The space charge polarization is attributed to the pile
p and depletion of the mobile charge carriers that arise at the
nterface between two different media,25–28,30 leading to a lim-
ted transport until the charge carriers are stopped at a potential
arrier, possibly a grain boundary.2 The resultant current due to
his polarization decays until the charging of the barrier capacitor
s completed.28 For that reason, M–W or space charge polar-
zation is limited to short time only. The polarization current
urves in Fig. 4 show initial current decays with a time constant
τ ∼ 2.6 s) for all fields.

Maxwell–Wagner polarization is followed by polarization
witching (region II), characterized by a limited window of
pplied fields ((1/2)EC–EC) for which the polarization current

hows a hump due to the switching of the antiparallel dipoles
−P → +P).13,14 As stated by Merz13 and Merz and Fatuzzo14

nd many others,11,12,15,16 the switching process shows that,
he higher the applied field, the faster the appearance of the
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ump, implying a faster dipole switch and thus a larger peak
urrent Jmax. As shown in Figs. 5 and 6, at higher temperature
he switching time becomes shorter and thus the switching cur-
ent increases significantly.13

For extremely low field or moderate field applied for shorter
ime, the hump is not observed, Figs. 5 and 10. That means that
witching is not complete. In other words, the polarization did
ot reach its full magnitude, as confirmed by the pyroelectric
urrent curves, Figs. 9 and 11.

The total switching polarization is given by Eq. (7). Due to
ts extremely fast response and negligible magnitude compared
o the second term, the first term is negligible.12,14,15,18 For non-
oled material there is no initial polarization and the total area
nder the poling current curve gives P instead of 2P. Conse-
uently, Eq. (7) becomes:

∞

0
J(t) dt = P (11)

ince the current decreases exponentially, the total switching
ime tsw is usually taken as the value where current falls to
.1Jmax.12

Since switching occurs at any field given enough time, the
olarization is independent of the field and the charge density is
onstant after the switching time.15 Therefore, Eq. (11) becomes

tsw

0
J(t) dt = Psw = constant (12)

his can be verified by examining Figs. 11 and 12. When differ-
nt fields are applied on two samples, given long enough time
or the current to reach 0.1Jmax, the two samples show equal
yroelectric activity. Table 2 shows the switching polarization
or different poling fields and shows that the charge density is
ndeed constant.

Worthwhile to mention is that, it is believed that there is
o ionic polarization in polar dielectrics, since the permanent
ipoles already exist in the material. Polar materials reveal a
endency towards dipolar or rotational polarization.33 Dipolar
olarization is characterized by a slow behavior33 as can be
bserved from the polarization current curves. Adding to that,
he ionic polarization requires a time as short as ∼10−12 s33
nd therefore is impossible to be detected by our experiment.
his implies that this process is already beyond the time scale
iscussed in the paper.

able 2
olarization results according to Merz’s theory

pplied poling
eld (kV/cm)

Jmax

(nA/cm2)
Switching
time, ts (s)

Switching polarization, Psw

(�C/cm2) (according to Eq. (12))

.75 63.08 590 26

.0 196.9 213 26.7

.25 564 71 26.7

.5 2,480 15.6 24.5

.75 3,952 9.8 24.9

.0 11,119 3.3 26.3

t
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.3. High-field regime

At high field the domain growth is extremely rapid.13 By
eans of our techniques it is not possible to record the max-

mum polarization current (the hump) and the corresponding
witching time. For that reason, the higher the applied field, the
ower the initial current. In other words, at high field we see
nly the decaying tail of the hump at the very beginning of the
xperimental curve. If we integrate the experimental J–t curve to
alculate the polarization, the charge will be lower than that for
he low-field case since the integration range is incomplete. In
eality this is not the case. Calculating the spontaneous polariza-
ion from pyroelectricity we found the higher the applied field,
he higher the polarization (Fig. 14), as expected.

Contrary to the low-field regime, the current at high electric
eld shows a steady state at very long time. This steady state

ncreases with increasing applied field in such a way that the ratio
/J gives a constant value. The steady-state current is ascribed

o electrical conduction of the material10 and the constant ratio
/J represents the electrical resistivity ρ (Table 1).

In a recent paper Lubascu et al.34 showed also the time depen-
ence of the polarization process when reversing the direction
f the electric field, but only at high fields. The fast response
s attributed to domain switching only. Our results corroborate
heirs since in our E < EC polarization results, only the tail of

–W process can be identified. For the E > EC polarization cur-
ent decreases with increasing the electric field and refers to the
omain switching only. The long time scale tail is attributed to
he steady-state conduction current.

. Conclusions

Poling is a crucial step in the manufacturing process for
erroelectric materials and in this paper the poling state has
een determined phenomenologically by different techniques. It
ppears that the pyroelectric activity, regardless its own usage,
an be used as a good tool to measure the degree of polariza-
ion. The polarization current in the low-field regime can be
escribed with the switching polarization theory and according
o this theory, for optimal poling, an electric field slightly higher
han EC field should be applied at least for the switching time
f the domains at room temperature. Contrary to common prac-
ice, good dielectric and ferroelectric properties can be reached
t room temperature at a field slightly larger than the coercive
eld. Finally, the material showed high stable electrical insula-

ion and no resistance degradation has been observed.
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