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In situ crystalline lead zirconate~PZ! thin films were deposited on platinum metallized silicon
substrates, using a 248 nm KrF pulsed excimer laser ablation technique. The antiferroelectricity in
PZ thin films was confirmed by means ofP vsE andC vsV measurements. The maximum observed
saturated polarization (Ps) was 44mC/cm2 at an applied field of 200 kV/cm. The calculated forward
and backward switching fields were 71 and 154 kV/cm, respectively. The dielectric phase transition
temperature was at;219 °C with zero dc bias and was increased to 290 °C in the presence of 4 V
dc bias. Detailed comprehensive study was done on PZ thin films to understand the charge carrier
transport with respect to frequency domain of dielectric and ac conductivity measurements. Effect
of simultaneous dc bias on the frequency response of the dielectric dispersion and ac conductivity
studies were done to understand the nature of charge carrier transport and their activation energies.
The calculated activation energies, from ac conductivity and conductance measurements, in the
absence of external dc bias were 0.42 and 0.37 eV, respectively. Measurements with the
simultaneous application of 4 V dc bias gave two activation energy values 0.38 and 1.76 eV,
respectively. The lower and higher activation energies were attributed to the shallow and deep trap
energies respectively.
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I. INTRODUCTION

Ferroelectric thin films have been studied for vario
applications in microelectronics such as charge stor
capacitors,1 IR detectors,2 and microelectromechanica
systems.3 The antiferroelectric materials on the other ha
have unique properties such as field-induced phase trans
between antiferroelectric and ferroelectric phases.4 In some
of these applications, antiferroelectric compositions offer
alternative to the ferroelectric materials.5 The antiferroelec-
tric materials are characterized by rows of dipoles, with
dipole moment of adjacent rows equal but antiparallel so
in equilibrium there is no net spontaneous polarizatio6

Lead zirconate~PZ! is a room temperature antiferroelectr
material.7 Thin films of the antiferroelectric compositions a
interesting because the characteristic hysteresis loop re
ing from the field-forced ferroelectric phase transition mak
them interesting for charge storage applications.8 Several dif-
ferent deposition methods including sputteri
technologies,9,10 sol-gel deposition,11,12 and pulsed laser
ablation deposition13 have been used to prepare PZ th
films. The pulsed laser ablation deposition~PLD! technique
is suitable for the deposition of a large variety of materi
and the major advantage of the PLD process is the g
reproducibility of a multicomponent target composition
the films.14

Since antiferroelectric materials~e.g., PZ! in thin film
form are anticipated as an alternative material choice in
high-energy storage devices, it is beneficial to know
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charge carrier transport mechanism in these materials. E
tric charges are omnipresent in dielectric materials, wh
are produced during material processing. With the prese
of charge carriers, it is of increasing importance to und
stand their real influence on the properties of materials. T
charge distribution in dielectrics can be formed either
flow of charges~current density! or by a distribution of
trapped charges.15 It appears that mobile charge carrier
such as thermally free charges, do not contribute appreci
to the charging of dielectrics. Charge distribution in capa
tors is well known to affect and distort local fields aroun
defects, interfaces, and localized changes in material pro
ties. The effects are particularly well observed in the case
constant stress dc fields, which could activate the trapp
centers in dielectric capacitors. Thus, it can be emphas
that an understanding of ac conduction and its relation to
conduction is important. In order to study these mechanis
an attempt is made on pulsed laser ablated PZ thin films
this work by means of ac conductivity measurements alo
with simultaneous dc bias.

II. EXPERIMENT

Lead zirconate~PZ! thin films were deposited by a KrF
~248 nm! pulsed excimer laser ablation technique. Substra
of platinum metallized silicon were placed at a distance o
cm from the phase pure sintered PZ target. The films w
deposited at 550 °C to inducein situ crystallization. The
pressure, inside the chamber, was maintained around
mTorr during ablation by allowing a 100% pure oxygen. T
crystallization of PZ thin films was confirmed by x-ray di
fraction technique. Details of processing of antiferroelect
PZ thin films were described elsewhere.16
il:
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Gold dots of different radii~200–350mm! were depos-
ited on PZ thin films by evaporation technique, in order
study the dielectric and ac electrical properties in me
insulator-metal~MIM ! configuration. Films of PZ with dif-
ferent thicknesses were considered ranging from 0.4 to
mm. All the data sets were taken individually on separ
capacitors~dots! with known film thicknesses. The antiferro
electricity in PZ thin films were confirmed byP–E and

FIG. 1. X-ray patterns of PZ thin films as a function of deposition tempe
tures. Oxygen partial pressure is550 mTorr.

FIG. 2. DoubleP–E hysteresis characteristics of antiferroelectric PZ th
film.
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C–V characteristics, using a Sawyer–Tower circuit and K
thley 236 source meter in conjunction with a Keithley 33
LCZ meter, respectively. Electrical properties in frequen
domain ~ac electrical properties! were studied using a Kei
thley 3330 LCZ meter with an oscillation level of 0.1 V, ove
a temperature range of 30–350 °C. The dielectric phase t
sition in PZ thin films was examined with and without d
stress during cooling process. The effective ac electr
properties of PZ thin films were studied, with zero bias an
V dc bias, in terms of conductivity measurements ove
frequency range of 0.1–100 kHz in order to evaluate
activation energies of different trap sites.

III. RESULTS AND DISCUSSION

A. Structure

The structure details of antiferroelectric PZ thin film
were determined by x-ray diffraction technique. Figure
shows the XRD patterns of PZ thin films deposited at
mTorr at various substrate temperatures. With increase in
substrate temperature, from 300 to 550 °C, decrease in
pyrochlore content yielded gradually, thereby enhancing
pervoskite phase content in the PZ thin films. The film
deposited at 50 mTorr and 550 °C, showed polycrystall
nature with a very high orientation along the pseudocu
~110! direction. More detailed structure analysis was
ported elsewhere.13

B. Polarization hysteresis behavior

Figure 2 shows the polarization versus applied field
sponse on a PZ thin film of thickness 0.6mm. The observa-
tion of double hysteresis behavior, by a Sawyer–Tower
cuit, with the external applied field offers a clear evidence
the antiferroelectricity in these laser ablated PZ thin film
The saturated polarization was observed to be 44mC/cm2 at
an applied field of 200 kV/cm. The observed forward a
backward switching fields were 71 and 154 kV/cm, resp
tively. The energy storage capacity in PZ thin films was c
culated by integrating the area between they axis and the left
arm of the P–E loop and was found to be 5.86 mJ/cm3.
These critical field values and the energy storage capa
were observed to be very close to those reported by C
et al.17 in other Pb-based antiferroelectric thin films. Th
variation of the capacitance with voltage was done in
sequence of negative→positive→negative bias directions
with a dc bias step of 0.1 V on a PZ thin film of 0.45mm and
is shown in the Fig. 3. The presence of characteristic dou
butterfly loop further confirms the antiferroelectric nature
these PZ thin films, though there were minor deviations
forward and backward switching fields for various fil
thicknesses. The forward and backward switching fie
from theC–V analysis were 69.2 and 112.6 kV/cm, respe
tively, and were in close agreement with theP–E measure-
ments on the same sample.
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C. Dielectric properties with zero dc bias

1. Dielectric phase transition

The dielectric measurements were carried out on anti
roelectric PZ thin films in MIM configuration over a fre
quency range of 0.1–100 kHz with a Keithley 3330 LC
meter. The samples were heated above 250 °C and th
electric response with temperature was recorded in the c
ing process. The variation in the dielectric response w

FIG. 3. Capacitance vs voltage characteristics in PZ thin film.

FIG. 4. Variation of dielectric constant with temperature in PZ thin fi
with zero dc bias.
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temperature, as shown in Fig. 4, at different measured
quencies clearly shows the dielectric phase transition
tween antiferroelectric phase and paraelectric phase
219 °C. The observed critical temperature~;219–220 °C!
value was found to be deviated from the actual reported c
cal temperature on bulk PZ single crystal~;230 °C!. The
observed deviation in the critical temperatures could be
tributed to the intrinsic stress development between the a
ferroelectric PZ thin film and substrate during nucleation a
also finer grain size.18 The recorded room temperature valu
of dielectric constant of a PZ thin film~0.5 mm! was about
220 at 100 kHz which was found to be higher than the b
PZ ceramic,19,20 as was reported by earlier workers. As c
be seen from the Fig. 4, the maxima in dielectric respo
with temperature are relatively lower with broader pha
transition response, in comparison with bulk PZ crystal.4

However, the dissipation factors showed a slight dep
dence on measured frequencies and temperatures, thoug
Re ~e* ! vs T characteristics were not shown such frequen
dependence with temperature. Figure 5 shows tand–T re-
sponse and the dielectric phase transition temperatures
found to increase from 190 to 220 °C as the measuring
quencies increased from 1 to 100 kHz. A complete phys
interpretation of this situation could be explained based
the distribution of relaxation times in any given material21

The most obvious reason for distribution of relaxation tim
is being the presence of inhomogeneities both in mac
scopic and in the microscopic levels. Thus, considering
particular dielectric material, it is evident that not all dipol
present in it are likely to find themselves in exactly the sa
environment. The second point concerns the strong influe
of simultaneous presence of direct current conductivity a
strong frequency dependent dispersion. Since dc condu
ity does not contribute to the real part of the dielect

FIG. 5. Variation of tand with temperature in PZ thin film with zero dc bias
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constant,22 the observed transition temperature was found
be constant from thee1 vs T response in the present range
measured frequencies.

2. Frequency and temperature response of dielectric
properties

Figure 6 shows the dispersion of dielectric constant a
tand in a PZ thin film ~thickness of 0.6mm! with variable
frequency over a temperature range of 30–225 °C. Vari
films of PZ with different thicknesses also showed simi
trend of frequency dispersion. A variation in the real part
dielectric constant was observed from 260 to 220 in the
quency range 0.1–100 kHz at room temperature. As the t
perature was increased, strong low frequency dispersion
particularly noticed. This could be due to the activat
charge carriers from the onset of space charge limited
conduction.23 The space charge effect can lead to the disp
sion of the real dielectric constant at low frequencies, a
particularly at higher temperatures because of the highly
bility of the charge carries.24, 25 Such space charge blockin
effect was also observed by Chenet al.26 in solgel PZT thin
films.

Figure 7 shows the response of tand versus frequency a
different temperatures up to the observed transition temp
ture. For lower temperatures~below 150 °C! there was no
noticeable loss maxima peaks in tand versus frequency re
sponse curves. Above 150 °C, the tand peaks were shifted
gradually towards higher frequencies with temperatu
These maximum peak values indicate the nature of dielec
relaxation in a dielectric material. There can be three p
sible reasons for such dispersion:~a! dipole orientations
within the domain as is observed in many order–disor

FIG. 6. Dielectric dispersion in PZ thin film at various temperatures.
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ferroelectrics,27 ~b! Maxwell–Wagner dispersion due to th
surface effects,28 ~c! domain wall relaxation.29

For the dipole relaxation within the domain one cou
have expected the critical slowing down behavior and
dielectric relaxation time should have increased as one
proaches the transition temperature. However, from Fig.
is evident that the relaxation frequencies were increasing
relaxation times were decreasing as approaching the tra
tion temperature, thus for the present case, dipolar relaxa
within the domain, can be ruled out.

For Maxwell–Wagner dispersion30 a relaxation fre-
quency of 1 kHz requires, with a maximum of 100 pF inte
facial capacitance, a bulk resistance of the order 105 V which
is very less than the observed resistance (108 V) of PZ thin
film. This rules out the possibility of low frequency dispe
sion via Maxwell–Wagner effect, considering the conduct
ity ranges. The above arguments completely rule out dipo
relaxation and Maxwell–Wagner relaxation and probably
low frequency dispersion is caused by the domain wall
laxation. The relaxation time decreases with increasing te
perature~as one approaches the transition temperature! for
domain wall relaxation.29 Though there was a clear indica
tion of dielectric phase transition in PZ thin film into th
paraelectric phase, some of the domains might have
been clamped in the film due to the above mentioned stre
strain and/or grain size effects. In fact, the authors had
ported earlier, that even after the dielectric phase transitio
antiferroelectric PZ thin films, a significant domain wall r
orientation phenomenon was noticed well above the tra
tion temperature~250 °C!.16 This in turn emphasizes tha
even after the transition temperature, there might be a w
contribution from domain wall relaxation, leading to a di
fuse phase transition. To establish the exact mechanism
domain wall motion, the domain configuration and doma

FIG. 7. tand vs frequency at different temperatures.
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density in the sample should be known. Hence, the ex
mechanism of the domain wall relaxation cannot be es
lished from the present studies. However, the present se
arguments is strongly indicative of domain wall relaxatio
Studies of domain switching kinetics in antiferroelectric P
thin films are in progress.

3. ac conductivity

The temperature dependence of ac conductivity of
thin films in MIM configuration was measured using the fo
lowing expression:

sac5ve0e1 tand, ~1!

where e0 is absolute permeability,v is angular frequency
and tand is the dissipation factor. Figure 8 shows the
conductivity (sac) as a function of frequency at various tem
peratures on a 0.5mm thick PZ thin film. At low tempera-
tures a slight dependence was observed at lower frequen
while at higher frequency range~e.g., more than 5 kHz ac
conductivity became strongly frequency dependent vary
approximately as a power of the frequency as follows:

sac5Avn, ~2!

where the exponentn is a function of temperature, and wa
found to be decreased with increase in the measuring t
perature. The exponentn for laser ablated antiferroelectri
PZ films was 0.8 at room temperature and showed a decr
ing trend with increasing temperature. From Fig. 8 it is cle
that at high temperatures, the ac conductivity showed li
dependence on frequency in the low frequency regime. T
frequency independence is a characteristic of dc electr
conduction. Thus, the total conductivity can be expres
as31

FIG. 8. ac conductivity vs frequency at different measured temperatu
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wheresdc is the dc electrical conductivity, which is indepen
dent of frequency. At lower temperaturess~v! dominates
and as temperature increases,sdc dominates overs~v!. An
Arrhenius plot ofsac vs ~1000/T! is shown in Fig. 9. It is
apparent that in low temperature regime the ac conducti
depends significantly on the frequency. However, the
crease in temperature, where marked dielectric relaxa
takes place, reduced gradually the frequency dependenc
sac, so that the conductivity was mainly determined by te
perature. A frequency independent relation between lnsac vs
~1000/T! in this high temperature regime suggests the va
ity of the following relation:

sv5s1 expS 2E1

kT D1s0 , ~4!

whereE’s are the activation energies for conduction ands’s
are constants. The calculated activation energies was
eV, indicating that both ac and dc conductivity activatio
energies are becoming same in the high temperature reg
This activation energy, with the earlier reports on PZ th
films16 was attributed to the activation energy required
the charge carries released from a set of shallow traps in
thin films with zero dc bias. At still higher temperature
~above 220 °C!, there was a deviation from Eq.~4! probably
due to the onset of dielectric phase transition.

The density of states at the Fermi energyN(EF) of the
PZ thin films were evaluated using the following relation:32

s~v!5S p3

96DN~EF!2kTe2arv
4 v, ~5!

where r v@5a ln(n0 /v)# is the separation between a pair
localized states andn051012Hz. Assuminga52.92 and

.

FIG. 9. Arrhenius plot of lnsac vs 1000/T at three frequencies with zero d
bias on PZ thin film. Thickness of the film is 0.5mm.
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2.39 Å as thed spacings along antipolar pseudocubic~110!
and polar pseudocubic~111! directions, with f 5(v/2p)
51 kHz and s(v)5131028 V21 cm21, one obtains
N(EF) as 1.131021 and 6.6331020eV21 cm23, respec-
tively. These values suggest an extended nature rather
localized states at Fermi level and was also found consis
with other crystalline oxide thin films.33

4. Trap energy evaluation from conductance
measurements

The variation of conductance with frequency in PZ th
film was evaluated using the following expression:

G~v!

v
5S e0A

d D e1 tand. ~6!

Considering the grain boundary regions are double Scho
barriers, the conductanceG of a junction can be described a
a sum of the trap conductanceGt and dc componentGdc:34

G~v,T!5Gdc~T!1Gt~v,T!. ~7!

Figure 10 shows the response of (G/v) vs v at various
temperatures. The peak angular frequencyvp shifts to higher
frequency with increasing temperature. In the presence
small ac signal at a particular temperature, the peak
@G(v)/v# indicates the emission rate (en) of charge carriers
from a set of trap states localized at energy, say,Et . Under
these conditions thermal emission rate of charge carrier
equal to the maximum angular frequency:32,34

en5vp5AT2 expS 2Et

kT D , ~8!

FIG. 10. Variation of conductance vs frequency in PZ thin films with ze
dc bias.
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whereA is a constant. Thus, a plot of ln(vp /T2) vs ~1000/T!
gives information of the activation energy of a particular s
of traps localized aroundEt and is shown in the Fig. 11. Th
activation energy was found to be 0.36 eV. This activat
energy was found to be in good agreement with the shal
trap activation energy measured from lnsac vs ~1000/T! plot
as well as our earlier works on dc conductivity studies in
thin films.16 That type of activation energy was anticipate
due to the presence of shallow trap sites present in the
materials.35,36

D. Dielectric response with 4V dc bias

1. Dielectric phase transition

To understand the performance of the antiferroelec
PZ thin film for device applications, it is worth understan
ing the dielectric and ac conductivity properties with simu
taneous dc bias. Charge storage capacitors are comm
exposed to high fields along with small ac signals. In ad
tion, the simultaneous impact of dc field on dielectric and
conducting properties give an insight of charge transp
mechanism. With the 4 V dc bias, the film was found to be
the field induced ferroelectric phase. Generally, the rise
the sample temperature reduces the critical field for fer
electric phase switching.

Figure 12 shows the response of dielectric constant v
sus temperature with 4 V dc bias on a PZ thin film of 0.6
mm. The dielectric constant was increased at all the mea
ing frequencies with 4 V dc bias. Also, the dielectric phas
transition occurred at a temperature of 285 °C, which w
observed to be higher than the earlier zero dc bias case
the film was field forced into the ferroelectric state, the ch
acteristics of an ideal first order phase transition in ferroel

FIG. 11. Plot between ln(vp•T
22) vs ~1000/T! with zero dc bias on PZ thin

film.
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trics could be explained by the Devonshire phenomenolo
cal model.37 For zero field, the phase is polar belowTc , and
a discontinuity atTc exists ine. As discussed by Lines an
Glass,37 for higher fields, the Curie temperatureTC would be
shifted to higher temperatures. At higher dc fields, the fi
induced ferroelectric phase transition occurs, thereby, the
pole relaxation requires higher energy to go into paraelec

FIG. 12. Variation of dielectric constant with temperature in PZ thin fi
with 4 V dc bias.

FIG. 13. Variation of tand with temperature in PZ thin film with 4 V dc
bias.
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phase. Such a shift in the Curie temperature with field w
also demonstrated by the measurements of the therma
pacity in bulk BaTiO3

38 and Pb-based thin films.2

Figure 13 shows the tand versus temperature at differen
measured frequencies under 4 V dc bias. The transition tem-
peratures were found to be increased with increasing
quency. At 100 kHz, the dissipation factor showed a w
peak around 260 °C. However, at low frequencies~1 kHz!
dissipation factor showed a small hump around 180 °C,
then increased monotonically with temperature. Under
voltage stress, electronic or ionic charged species might
cumulate near the grain boundaries leading to the forma
of the space charge layer. Such a temperature dependen
dielectric properties was observed in many dielectric b
materials and was attributed to the space charge bloc
effect.24

Figure 14 shows the dielectric dispersion at various te
peratures. As can be seen, from Fig. 14, at lower temp
tures ~up to 100 °C! the dielectric constant showed a sma
dispersion. However, with increasing temperature, more p
nounced dispersion occurred at low frequencies than the
vious one with zero dc bias. The frequency range in wh
the dielectric constant shows the strong dispersion exten
towards high frequencies as temperature increased.

2. ac conductivity

The ac conductivity with frequency over a temperatu
range of 35–325 °C shown in Fig. 15. From Fig. 15 it
evident that even at room temperature, ac electrical cond
tivity is independent of frequency in low frequency rang
which was not prominent with zero biased ac conductiv
characteristics. This type of behavior might be attributed
enhanced dc conductivity with 4 V dc bias. The frequency

FIG. 14. Dielectric dispersion in PZ thin film at various temperatures wit
V dc bias.
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dependent ac conductivity (s0vn) is due to the charge hop
ping mechanism.21 The value ofn was found to be 0.6 a
room temperature above 1 kHz frequency. This value of ‘‘n’’
is lesser than the value of ‘‘n’’ found in zero bias case a
room temperature.

Figure 16 shows the ac conductivity versus reciproca
the film temperature for three different frequencies. It is e
dent that in the high temperature and low frequency regi
the ac conductivity is an independent component while
less sensitive part is frequency dependent. At higher t
peratures, the ac conductivity at all frequencies was merg
with one another. These data may be fitted theoretically
follows:

sv5s1 expS 2E1

kT D1s2 expS 2E2

kT D1s0 , ~9!

wheres’s are constants andEt’s are the respective activatio
energies. From the theoretical fitting the values ofE1 andE2

may be estimated as 1.76 and 0.38 eV, respectively. Th
values could be attributed to the activation energies of d
and shallow trapped carriers present in the PZ thin films16

3. Trap energy evaluation from conductance
measurements

Figure 17 shows the response of (G/v) versus fre-
quency with 4 V dc bias. A shift in the peak frequencies w
temperature was clearly noticed. As was explained in S
III B ~4!, from the maximum angular frequencies the activ
tion energy was calculated using Eq.~8!. The resultant
ln(vp /T2) versus reciprocal temperature is shown in Fig.
and the calculated activation energy was 1.68 eV. This re

FIG. 15. ac conductivity vs frequency at different measured temperat
with 4 V dc bias.
f
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is consistent with that observed for space charge lay
formed in semiconducting grains containing nonshall
electronic defects. Such a level is referred to as a deep t
ping state, when the predominant charge exchange is
tween the conduction band and the defect level. With th
data, as explained by Jonscher,22 we see that conductanc
peaks with energies less than 0.4 eV will not appear excep

es
FIG. 16. Arrhenius plot of lnsac vs ~1000/T! at three frequencies with 4 V
dc bias on PZ thin film.

FIG. 17. Variation of conductance vs frequency in PZ thin film with 4 V dc
bias.
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lower temperature or/and higher frequencies. To that ex
we may say, therefore, that the observed values of activa
energies are self-setting through the nature of the typical
perimental conditions, such as temperature and/or app
external electric field.

IV. CONCLUSIONS

In conclusion, in situ crystalline antiferroelectric lead
zirconate~PZ! thin films were deposited on Pt-coated S
substrates. Field induced ferroelectric phase transition
confirmed by both the double hysteresisP–E loop and
double butterflyC–V characteristics. The observed forwa
and reverse switching fields were 71 and 154 kV/cm, resp
tively. The saturation polarization value was 44mC/cm2 at
an applied field of 200 kV/cm. The dielectric constant w
220 at 100 kHz at room temperature. The domain wall rel
ation mechanism was attributed to be a more suitable me
nism for the dielectric relaxation in the present laser abla
PZ thin films. The ac conducting properties under zero
bias showed that only shallow traps were more active w
with 4 V dc bias both shallow and deep traps would parti
pate in the charge carrier transport mechanism. The con
tance studies showed that for the excitation of shallow tr
higher frequencies and lower temperatures are favor
while, for deep trap excitation either lower frequencies
very high temperatures or some sort of field assistanc
lower temperatures are necessary.
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