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Heterostructures consisting of PbZr ,Ti .0, epitaxial films on a SrTiO, (100) substrate with a La, Sr . . MnO,
bottom electrode were prepared by pulsed laser deposition. Plane-parallel capacitor structures were investigated
by dielectric spectroscopy and piezoelectric measurement. Shift in a piezoelectric loop indicates that a sample has
a small imprinted internal field, directed towards the copper top electrode. Temperature-dependent measurements
in a range of 300-500 K were performed to obtain information on the frequency-depending response of the metal-

ferroelectric-metal (MFM) structure and to analyze the effect of charge injection through the two Schottky-like

contacts. The charge injection process greatly increases the conductivity in the low-frequency region.
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1. Introduction

Ferroelectric materials, due to their notable die-
lectric constant, piezoelectric and pyroelectric co-
efficients, have found diverse applications in fields
such as high-«x dielectric materials, transducers,
actuators and sensors [EI, ﬁ]. Among these mate-
rials, lead zirconate titanate (PZT) stands out as
a well-known ferroelectric material, particularly
for its piezoelectric applications [H].

However, producing thick PZT films with elec-
trical characteristics matching those of the bulk
material is a challenging endeavour. This chal-
lenge primarily arises from the issues like crack
formation [H], the volatility of lead and lead ox-
ide [E], substrate clamping [E], residual stress-
es [ﬁ], and other limitations associated with thin
film processing [E].

To address these challenges, various deposition
techniques have been developed for PZT film fab-
rication. These techniques include vapour-phase
deposition methods like chemical vapour depo-
sition and physical vapour deposition, as well as
chemical methods such as chemical solution dep-

osition (CSD) and the sol-gel method [9]. How-
ever, with these methods there are challenges to
achieve the precise stoichiometry of the mixed ox-
ide phase [é}, the problems with the potential for
residual impurities [] and lower piezoelectric
coefficients [, ].

To overcome those issues, vapour-phase depo-
sition techniques were used. Pulsed laser deposi-
tion (PLD) is particularly promising for PZT film
fabrication due to its ability to achieve high depo-
sition rates (>100 nm/h), maintain a high crystal-
line quality, preserve stoichiometry [, produce
films with an excellent surface morphology and
facilitate the fabrication of high-quality devices
such as plane-parallel capacitors [@].

The choice of a similar lattice constant for
the electrode and substrate is crucial for pro-
moting layer-by-layer film growth and obtaining
a high-quality epitaxy, as lattice constant match-
ing is a key parameter in this regard. For our PZT
composition the lattice constant at deposition
temperature is 3.953 A []. In this context, lan-
thanum strontium manganite (LSMO) was chosen
as the bottom electrode (a = 3.876 A) [] and was
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deposited on a strontium titanate (STO) substrate
(a=3.905 A) [[17].

Despite the well-known properties of PZT ma-
terial and many researchers working with its fre-
quency dependence, it was investigated poorly.
The primary objective of this research is to inves-
tigate the dielectric and piezoelectric properties of
PZT films. This investigation involves the fabrica-
tion of metal-ferroelectric-metal structures. Top
contacts are made using copper and gold materials.

2. Experiment

PLD was used to grow epitaxial oxide heterostruc-
tures of La  _Sr ., MnO, (LSMO) and PbZr ,Ti O,
(PZT) on a (100)-oriented SrTiO, (STO) single-
crystal substrate with a 5 mm? area. The STO sub-
strate was ultrasonically cleaned in acetone and
isopropanol, chemically etched by buftered hydro-
fluoric solution and annealed at 1100°C for 2 h to
obtain a vicinal surface with atomically flat terraces.

The PZT film was deposited under specific
conditions to optimize its growth and properties.
The deposition parameters for the PZT film were
as follows: a deposition temperature of 555°C, an
ambient pressure of 0.2 mbar and a total of 10,000
laser pulses. The laser had a constant energy flu-
ence of 1 J/cm?. After the deposition, the samples
underwent an annealing process in the O, atmos-
phere at a pressure of 200 mbar. The annealing was

performed when the temperature reached 250°C
and lasted for 30 min. The purpose of anneal-
ing was to lower the number of oxygen vacancies
and minimize film leakage. The samples were then
cooled at a rate of 20°C/min. The resulting film had
an approximate thickness of 100 nm.

The dielectric properties of the films were meas-
ured by an HP4284A LCR meter with a needle
probe station to cover a 20 Hz - 1 MHz frequency
band in the temperature range between 300 and
500 K. Needles were connected to a top electrode
and a holder, with a connection to a bottom con-
tact by painting the rear side of the sample with
silver paste. The temperature was measured with
a Keithley Integra 2700 multimeter connected to
the probe station. Ferroelectric properties were
then investigated by the aixACCT measurements
system at room temperature.

Top copper and gold (each 25 nm) contacts
were sputtered using a metal mask. Copper was
deposited directly on the PZT layers to increase
the durability of the top contact pad during needle
connections to the device. The contact area was
250 um? to reduce the number of defects inside
one device.

3. Results and discussion

Typical hysteresis loops for the polarization and
the current of the sample are presented in Fig. El

60 Curre'nt' 100
Polarization
40 —
5
~ 20 =~
©)
el &S
g 0 0 5
— -
5 S
O -20 5
s
[
-40
60 100
-6 -4 -2 0 2 4 6
Volatge (V)

Fig. 1. Polarization and current hysteresis loops obtained for an
LSMO/PZT/Cu/Au ferroelectric capacitor by applying a triangular
voltage pulse with a frequency of 1 kHz.
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The polarization loop exhibits a typical ferroelec-
tric behaviour, with a distinct remnant polariza-
tion and coercive voltage. Similarly, the current
loop displays hysteresis, indicating the presence
of ferroelectric behaviour in the capacitor.

The polarization reversal (ferroelectric switch-
ing) within the sample is indicated by the positive
and negative notable peaks of the measured cur-
rent. Remanent polarization is 93 yC/cm?, which
is the usual value for the strained tetragonal 20/80
PZT []. Furthermore, it is worth noting that
the experimentally obtained polarization value P
is higher than the theoretical value of 70 uC/cm?,
which is typically calculated for bulk single crys-
tals, as reported in Ref. [].

The piezoelectric loop has a small shift toward
the positive side of the loop that could suggest
that there is a small internal field (E, ) directed
towards the top electrode because of the different
types of electrodes that were used. This internal
field is commonly linked to defect pairs that com-
prise negatively charged acceptor ions and posi-
tively charged oxygen vacancies, creating elec-
tric dipoles [R(]. The current-voltage (IV) curve
shows a significant leakage at high fields limiting
the range of applied fields.

The dielectric constant was estimated from
the capacitance measurements (see Fig. ). It has
been observed that the dielectric loss, which usual-
ly occurs due to the relaxation of space charge and
domain walls, reduces as the frequency increases.
The observed dispersions in high-frequency tails
can be accurately modelled by classical Cole-Cole

functions. However, these functions fail to predict
the low-frequency plateaus of € and o, and instead,
a function of the constant phase-angle (CPA) type
appears to provide a more accurate description of
the data in the low-frequency region of the plots,
which could be explained in our case by big num-
bers of charge carriers, that change the behaviour
of our material from a dielectric to a semiconduc-
tor [].

Fit was made with this formula (1), which also
considers the contribution of conduction, that
may be encountered experimentally at the low-
frequency side, proposed by Raicu [@]:
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Here ¢_ is the dielectric constant at infinite fre-
quency, ¢, is the dielectric constant at static field,
o is the conductivity of the film, w is the measured
frequency, 7 is the characteristic relaxation time; «,
B and y describe the asymmetry and broadness of
the corresponding spectra.

Figure B illustrates the relationship between
the mean relaxation time and the inverse temper-
ature. The data points represent the fitting results
obtained by approximating the frequency depend-
ences of the dielectric permittivity with an account
of a low-frequency permittivity, as well as approxi-
mating the data using the Arrhenius equations [@] :
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Fig. 2. Real (a) and imaginary (b) parts of the dielectric constant at different temperatures. The solid lines fit

the data points with the Raicu relation.
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Fig. 3. Inverse temperature dependence of the mean relaxation time in
PZT ceramics. The data points are fitted using Eq. (2).

Here 7, represents the relaxation time for T - oo,
E denotes the activation energy, and k symbolizes
the Boltzmann constant.

Based on this fit, activation energy is equal to
436 K (37.6 meV). When heating a ferroelectric
sample, a weak measuring field with an electric field
strength of less than 10 V. mm~™is applied to it. This

causes domain walls to vibrate. For the studied PZT
samples, the process that occurs in this case has an
energy on the order of U ~ 40 meV. This energy is
indicative of the initial oscillations of the domain
walls within the local potential well [@].

The complex impedance data, which consists
of the real part (Z’) and the imaginary part (Z"),
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Fig. 4. Nyquist plot of Z" vs Z” (with a characteristic resistivity of the high

frequency region in the inset).
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can also be represented as a Nyquist plot to dis-
play the characteristic impedance spectrum of
the system, as shown in Fig. @ Due to the signifi-
cantly different time constants of individual RC el-
ements, the individual semicircles of the PZT film
and the LMSO film are clearly distinguishable in
the temperature range. The real part of the charac-
teristic impedance between the distinctive mini-
ma in the imaginary part (Z”) represents the mac-
roscopic resistivity of LSMO (the left semicircle)
and PZT (the right semicircle).

As the temperature increases, the diameter of
the arc related to conduction in the bulk material
decreases, and the centre of the semicircular arc
moves closer to the origin of the complex plane
plot. The movement of the origin of the semicircu-
lar arc toward the centre of the complex plane plot
signifies a reduction in the sample’s resistive char-
acteristics. This change is linked to the increase in
temperature and is attributed to grain boundary
conduction. The primary source of dielectric re-
sponse is evidently intrinsic for all the examined
samples, as evident from the Nyquist plots.

4. Conclusions

High-quality epitaxial PbZr Ti O, films were
successfully produced using the pulsed laser dep-
osition (PLD) technique. Those films exhibited
a remanent polarization of 93 yC/cm?, attributed
to the internal strains resulting from the lattice
constant and the thermal expansion coefficient
mismatch. Frequency dependence was accu-
rately fitted with the Raicu relation and explains
the low-frequency region of the plot that shows
the change of the behaviour of our material from
a dielectric-like behaviour to that of a semicon-
ductor. The analysis of the Nyquist diagram re-
vealed the presence of two distinct relaxation re-
gions, which were associated with the resistivity
of both the PZT and LSMO layers. This change is
linked to the increase in temperature and is attrib-
uted to grain boundary conduction, and the pri-
mary source of dielectric response is evidently in-
trinsic for all the examined samples.
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Santrauka

Nevienaly¢iai dariniai, kuriuos sudaro PbZrO)zTiO)SO3
epitaksiniai sluoksniai ant SrTiO, (100) padeklo su
La  Sr ., ,MnO, apatiniu elektrodu, buvo iSauginti
impulsinio lazerinio nusodinimo buadu. Suformuo-
ti ploksciojo kondensatoriaus dariniai buvo tiriami
dielektrine spektroskopija ir pjezoelektriniais ma-
tavimais. Pjezoelektrinés kilpos poslinkis rodo, kad

bandinyje stebimas nedidelis vidinis liktinis laukas,

nukreiptas j vir$utinj (vario) elektroda. Buvo atlik-
ti temperatiriniai matavimai 300-500 K diapazone,
siekiant gauti informacijos apie dazninj metalo-fero-
elektriko-metalo (MFM) darinio atsaka ir i$analizuoti
elektrony injekcijos per du Sotkio tipo kontaktus po-
veikj. Pastebéta, kad kravio injekcija labai padidina ze-
madaznj §iy nevienaly¢iy dariniy laiduma.



