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Epitaxial-quality PZT: insulator or semiconductor? 
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The lead zirconate-titanate (PZT) epitaxial thin films are analyzed as being p-type, wide-gap semiconductors with standard 
Schottky contacts. The results of the hysteresis, capacitance-voltage (C-V), and current-voltage (I-V) measurements are 
explained in the frame of the classical model for metal-semiconductor Schottky contacts, in which the effect of the 
ferroelectric polarization on band-bending was considered. The presence of the deep traps was also considered and their 
effect on the measured quantities was discussed. The free carrier concentration was estimated to about 3 × 1018 cm-3, with 
a remnant polarization of 40 µC/cm2, and with an effective density of the fixed charges in the depletion region of about            
1.8 × 1019 cm-3. 
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1. Introduction 

 
The ferroelectric perovskites (ABO3) are traditionally 

considered insulating materials mostly due to the ionic 
nature of the chemical bonds [1]. Recently, i t was shown 
that the origin of ferroelectricity in the most representative 
perovskites, barium titanate (BTO) and lead titanate 
(PTO), is quite different and is directly related with the 
nature of the chemical bonds [2]. The electronic properties 
are also dependent on the nature of the chemical bonds. In 
BTO the Ba-O bond is purely ionic, while in PTO the Pb-
O bond is strongly hybridized implying that the bond is at 
least partially covalent. The electronic conduction can no 
longer be neglected. The electronic properties should be 
different for the two compounds. The lead-based materials 
should be regarded more as a semiconductor rather than an 
insulator, but with the specification that the electronic 
properties could be affected by the ferroelectric 
polarization. 

Most models combines thermodynamics with 
electrostatics, majority of them deliberately neglecting the 
presence of free carriers and the time/frequency response 
of the charged defects known as traps. The perfect 
exponent is the “dead layer” model used to explain the 
thickness dependence of some dielectric/ferroelectric 
properties such as the dielectric constant and the coercive 
fi led [3-7]. This model reduces the metal-ferroelectric-
metal (MFM) structure to a simple, serial, connection of 
capacitors with fixed geometric dimensions and using 
constant electric fields, despite the numerous indications 
that the usual electrodes, like Pt, form Schottky contacts 
with the PZT and there is a band-bending near the 
electrode interface [8-13]. There are some important 
drawbacks of the models proposed until  now to explain 
various experimental phenomena observed in PZT thin 
fi lms: 
♦ The investigation of the electric/ferroelectric 
properties were in generally performed on polycrystalline 
thin films, neglecting the effect of the grain boundaries 

and considering the fi lms as homogenous in structure and 
composition. 
♦ A model working well for a given ferroelectric 
material might not be suited for another material. The 
ferroelectric polarization is, ultimately, a microscopic 
property, therefore it is very sensitive to the local 
potentials and atom arrangements.  
♦ The dipolar properties, represented by the ferroelectric 
polarization, are considered dissociated from the electronic 
properties, despite the fact that the polarization is, in fact, 
a charge that might alter the local potentials and fields, 
with direct impact on band structure and charge transport. 

Due to these drawbacks there is a lot of inconsistency 
and lack of coherency in the models advanced to explain 
the results of the various electrical measurements usually 
performed on MFM structures, among which the most 
important are: the hysteresis loop, the capacitance-voltage 
characteristic (C-V), and the current-voltage characteristic 
(I-V). In the present paper the results obtained on epitaxial 
PZT thin fi lms are explained in the frame of the same 
model, which considers the PZT fi lm as a wide-gap 
semiconductor with Schottky contacts and electrically 
active traps. 
 
 

2. Samples preparation and experimental  
    methods 
 
The studies were performed on PZT thin films having 

a Zr/Ti ratio of 20/80. The substrate was a single crystal 
SrTiO3 doped with 0.5 % Nb. The growth method was the 
Pulse Laser Deposition (PLD). First a layer of about 80 
nm thickness of SrRuO3 was deposited as bottom 
electrode, then the PZT film was deposited from a ceramic 
target with a composition of Pb1.1(Zr0.2Ti0.8)O3. The 
thickness of the PZT film was estimated to about 215 nm 
from Transmission Electron Microscopy (TEM) pictures. 
The quality of the bottom electrode and of the PZT film 
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was analyzed using X-ray diffraction (XRD), TEM, and 
Atomic Force Microscopy (AFM). The results strongly 
suggest that the PZT fi lm is epitaxial, with very smooth 
surface, and with a low density of 90 o domains. Top 
SrRuO3 electrodes, with an area of 0.275 mm2, were 
deposited by PLD for electric measurements.  

The hysteresis loop measurements were performed 
both in the dynamic and the static mode using a TF2000 
Analyzer (AixACCT). The voltage waveform was 
triangular. The C-V measurements were performed using a 
HP 4194A Impedance/Gain Analyzer, while the I-V 
characteristics were obtained using a Keithley 6517 
electrometer. For capacitance-frequency (C-f) and 
conductance-frequency (G-f) measurements at different 
temperatures the samples were inserted into a tubular oven 
with a temperature sensor placed near the PZT film.  

 
 
3. Results 
 
1. Hysteresis. The hysteresis loops obtained at 

different frequencies are presented in the Fig. 1a and b for 
both dynamic and static modes. The remnant polarization 
is about 40 µC/cm2 and appears to be frequency 
independent. The coercive voltage, on the other side, 
shows a strong frequency dependence. A nice, l inear, 
saturation domain can be observed, with a clockwise tilt of 
the loop with increasing the frequency of the triangular 
voltage. In order to extract the true ferroelectric 
polarization, the loops have to be corrected with the linear 
term, knowing that the recorded quantity is in fact the 
electric displacement D: 
 

Sst PED += εε 0   (1) 

 
where εst is the static dielectric constant (the linear part), E 
is the electric field and PS is the true ferroelectric 
polarization, known also as spontaneous polarization. The 
εst was estimated from the linear, saturated, part of the 
loops. The corrected static loops are shown in the inset of 
Fig. 1b. Both the remnant polarization and the coercive 
voltage appear to be frequency independent in this case. 
The correction of the dynamic loops leaves unchanged the 
frequency dependence of the coercive voltage. The 
clockwise tilt of the loop also remains, while in the case of 
the static mode measurements the tilt is l ifted after 
correction. These results cannot be explained only by 
domain walls movement, as long as in the static mode a 
relaxed and well saturated polarization leads to an 
anomaly high dielectric constant (37,000 at 1 Hz, and 
3,900 at 100 Hz). This aspect will be discussed later in 
more detail. 
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Fig. 1. Hysteresis loops obtained in the dynamic mode (a) and 
static mode (b). 

 
 

2. C-V measurements. The C-V characteristics at 
different frequencies are presented in the Fig. 2a. A sharp 
peak/discontinuity can be observed in capacitance, for 
both positive and negative polarities. The fi lm was then 
poled by applying a –5 V voltage on the top electrode, 
then the C-V characteristic was raised again by sweeping 
the voltage up and down between 0 and +5 V. The result is 
shown in the Fig. 2b. It is clearly seen that the capacitance 
peak/discontinuity is related with the polarization reversal, 
being present when the voltage is swept up to +5 V (the 
reversal take place) and absent when the voltage is swept 
down to 0 V (no reversal take place). This finding suggests 
that the C-V characteristic and the hysteresis loop are, in 
fact, representations of the same phenomena: the 
polarization reversal.  
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Fig. 2 C-V characteristics. Normal sweeping (a) and positive 
sweeping (b) after pre-poling the film in opposite direction. 

 
An open question is the origin of the voltage 

dependence of the capacitance. According to Figs. 2a and 
b, the voltage dependence in-between the coercive 
voltages is due to polarization reversal. Outside the 
coercive voltages the capacitance can vary with the 
applied voltage either due to the field dependent dielectric 
constant, or due to a voltage dependent thickness. The first 
assumption is preferred in MFM models based on the 
simple series connection of two interface and one bulk 
ferroelectric capacitors with fixed geometric dimensions. 
The second possibili ty is valid for standard Schottky 
contacts, where the interface capacitance is voltage 
dependent. That leads to a voltage dependent depletion 
depth, therefore, the thickness of the series connected 
interface and bulk ferroelectric capacitors are no longer 
constants. In order to decide which assumption is valid is 
better to analyze the Fig. 3a, where the hysteresis loops are 
presented on the same graph with the C-V characteristic. 
According to the hysteresis loops in the polarization 
saturation domain the dielectric constant is field 
independent. Assuming fixed geometric dimensions, then 
the overall capacitance of the MFM structure should be 
constant outside the coercive voltages. This is not the case, 
the capacitance is not voltage independent outside the 
coercive voltages, and because the dielectric constant is 

voltage independent on this voltage domain it can be 
concluded that the voltage dependence is produced by the 
voltage variable depletion depth that is present near a 
Schottky contact. The important consequence is that the C-
V characteristic can be used to extract the free carrier 
concentration in the same manner as in the case of a 
normal metal -semiconductor Schottky contact. The 
general formula is [14]: 
 

( )[ ]dVCdqA
Tc

st /)/1

2
)(

2
0

2 εε
=  (2) 

 
where c(T) is the concentration of the free carriers at the 
temperature T, A is the electrode area, and εst is the low 
frequency (static), field independent, dielectric constant. 
Equation (2) was deduced without making any assumption 
on the voltage dependence of the capacitance, therefore it 
can be used to extract the spatial dependence of the free 
carrier concentration, known also as the “doping”  profile. 
Fig. 3b shows an example of application of equation (2) to 
the studied MFM structure. The free carrier concentration 
is about 3×1018 cm-3, independent of the frequency of the 
small amplitude ac signal. It was found that this value is 
also temperature independent, suggesting a completely 
ionized shallow impurity. 
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Fig. 3. (a) Hysteresis loops and C-V characteristic showing the 

voltage dependence of capacitance in the  saturation  domain  of  
ferroelectric  polarization.  (b)  The concentration ‘hysteresis”  

obtained using equation (2). 
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3. I-V measurements. The I-V characteristics are 
presented in the Fig. 4. These were measured after poling 
the fi lm with –5 V on the top electrode, then sweeping up 
the voltage from 0 to +5 V in two consecutive runs with 
the same delay time. As can be seen, an anomalous current 
peak occurs at the first run, even the delay time was as 
long as 10 seconds. The peak is not present at the second 
run, suggesting that it is related with the ferroelectric 
polarization reversal. The magnitude of the peak is 
dependent on the delay time, but the rest of the I-V 
characteristics is almost identical no matter the delay was 
1 or 10 seconds. Some differences occur at high voltages, 
when the current for long delay is higher than the current 
for short delay time. That it is probably due to the 
beginning of the time dependent breakdown of the MFM 
structure. 
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Fig. 4. I-V characteristics. 

 
The most probable conduction mechanism is the 

Schottky emission [15-17]. To be coherent with the 
interpretation of the C-V results, the electric field used in 
the current density equation must be the maximum field at 
the Schottky contact, and not a constant field over the film 
thickness. The correct Schottky representation is in this 
case [18]: 
 

4/1'
4

23
0

2

3

)(
8

~)ln( bi

stop

eff VV
Nq

kT

q
J +

εεεπ
      (3) 

 
It means that Neff can be estimated from (3) if the two 

dielectric constants are known from other independent 
measurements. The Schottky representation is shown in 
the inset of Fig. 4 for the true leakage currents (second 
runs). A value of about 1.8×1019 cm-3 was obtained for 
Neff. This is one order of magnitude higher than the density 
of the free carriers deduced from the C-V measurements. 
Considering that Neff is a fixed charge density, it means 
that the concentration of deep, charged, traps in the 
depletion region is large, exceeding the concentration of 
shallow impurities. The deep traps can have a serious 

influence on electrical measurements. The emission time τ 
constant is the important quantity [14]: 
 

1

,,,,, exp
−��

���� ���	
�
−=

kT

E
Nv A

VCpnthpnpn στ  (4) 

 
σ is the capture cross-section, vth is the thermal velocity, 
NC,V is the density of states in the conduction or valance 
band, EA is the activation energy of the trap, and k is the 
Boltzmann’s constant. The index n and p refers to 
electrons and holes, respectively. The emission time 
constant controls the emission current from the traps [14]: 
 ��
����� −=

�
����
−=

fV

VNqAwtNqAw
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a

TtTt
tr ττττ 4

expexp)( 00   (5) 

 
wt is the depletion width, or can be the thickness occupied 
by the traps i f these are distributed non-uniformly near the 
interface. NT0 is the density of the occupied traps at the 
beginning of the measurement. For long measuring times 
the emission current from the traps is negligible because 
the term exp(-t/τ) tends to zero. For t<τ or high 
frequencies the exponential term in (5) approaches unity 
and the emission time current becomes constant. This 
current component is important in the case of hysteresis 
measurements, which are based on an integrated charge. 
The integrated charge in the case of a triangular voltage,  
neglecting the leakage current, and at frequencies were the 
trap emission current is constant, is given by: 
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a
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τ

  (6) 

 
As can be seen, the trapped charge behaves like a 

parallel connected capacitance, leading to high values of 
the dielectric constant. Its contribution decreases with 
increasing of the frequency. 

The presence of deep traps was tested by performing 
some capacitance-frequency (C-f) and conductance-
frequency (G-f) measurements at different temperatures. 
The recorded spectra are presented in the Fig. 5. A low 
frequency relaxation can be observed in the C-f 
characteristic, accompanied by a maximum in the G/ω - f 
spectra. These are signs that at least a trap level is 
emptying in the given temperature range (up to 300 oC). 
Returning to the I-V measurements, it can be assumed that 
the integral of the current peak will  give something 
proportional with the ferroelectric polarization. The 
surface charge density obtained in this way is about 60 
µC/cm2 at RT and 4000 µC/cm2 at 170 oC. The last values 
are far too high for the ferroelectric polarization. The only 
conclusion is that this current peak might be triggered by 
the polarization reversal, but it is mainly due to the current 
emission from the traps located in the interface region. The 
reversal process itself is rapid and cannot explain the 
presence of a current peak at delay times of 10 seconds. 
The compensation of the polarization charge after reversal 
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can be a longer process if it is performed with trapped 
charges. This can explain the presence of the current peaks 
in the I-V characteristic at such long delay times. 
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Fig. 5. C-f dependence (a) and G/ω-f dependence (b) for various 
temperatures. 

 
 

4. Model and discussion 
 
It is clear that the above experimental results cannot 

be explained in the frame of the rigid, insulator - dielectric 
model, which considers only the mechanical movement of 
the domain walls and neglects any interaction of the 
polarization charge with other charges that might be 
present in the material. In an ideal material the polarization 
is present under the form of two sheets of surface charges 
of opposite signs. It can be assumed that in this case no 
other polarization charge is present except these two sheets 
of surface charges located at a finite distance from the 
physical electrode-ferroelectric interface. The polarization 
charges must interact with other charges that are present in 
the system. This interaction must have influence over the 
local band structure, as the band-bending near the 
electrode interfaces, and over the charge transport through 
the MFM structure. The band diagram of the MFM 
structure is presented in the Fig. 6. The diagram was 
sketched assuming a p-type material with Schottky 
contacts and with a deep acceptor type level. Details about 
the model and calculation of the apparent built-in potential 
can be found elsewhere [15]. This is given by:  

δ
εε st

bibi

P
VV

0

' ±=                 (7) 

 
All the other specific quantities for a Schottky contact 

are dependent on the built-in potential, therefore will be 
affected by the ferroelectric polarization. A sudden change 
in the polarization orientation (reversal) means a change of 
the signs of the two sheets of charges located near the 
interfaces. This triggers a sudden change of the apparent 
built-in potential given by (7). A first consequence of this 
change is the capacitance peak/discontinuity observed in 
the C-V characteristic. A sudden change in the band-
bending means that trapping levels that initially were 
below the Fermi level, goes above the Fermi level at one 
interface, while at the other interface the reverse 
phenomena take place. In the absence of polarization this 
phenomena is reversible, thus the traps will fil l and empty 
no matter the voltage is swept up or down. With 
polarization this process is irreversible. Once the 
polarization is saturated in one direction, the band-bending 
wil l remain the same no matter the voltage is swept up or 
down without reversal. That leads to the butterfly shape of 
the C-V characteristic. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. The band-diagram of the MFM structure with Schottky 
contacts and polarization  sheets of charge of opposite sign. 

 
The same band-bending occurs also in the case of the 

hysteresis measurement. It means that the emission current 
from the traps adds to the leakage and displacement 
currents, making its contribution to the integrated charge 
and the shape of the loop especially at frequencies below 
the 1/τ, with τ the emission time constant of the trap. 

The present model can explain also the thickness 
dependence of the dielectric constant. It can be adapted to 
explain the imprint, by a not uniform distribution of the 
trapped charges, and probably can be developed to explain 
also the fatigue phenomena [19,20]. It has to be noted that 
fatigue was observed only in the case of the metal 
electrodes like Pt. The present structure is with conductive 
oxide electrodes, thus the fatigue was proved to be absent. 
Assuming that the oxygen vacancy accumulation at the 
electrodes is the right model for fatigue, then it results that 
in the case of conductive oxides this phenomena is not 
present, probably because the oxide support acts as sink 
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for the oxygen vacancies. Therefore, the traps involved in 
the present study in the compensation of the polarization 
charge might not be the same with the traps involved in 
fatigue.  
 

5. Conclusions 
 

The present study shows that the results of the most 
popular electric measurements performed on MFM 
structure, together with some other interesting phenomena 
such as thickness dependence of the dielectric constant or 
imprint can be coherently explained in the frame of the 
same simple model. The model consider the ferroelectric 
PZT as a p-type, wide gap semiconductor, and applies the 
standard formalism for a metal-semiconductor Schottky 
contact to the MFM structure. The breakthrough is that the 
model directly link the polarization charge with the 
electronic properties, more precisely the band-bending 
near the electrode interfaces, and takes into consideration 
the time/frequency response of the deep traps. The last 
process has serious implications on the hysteresis 
measurement, which is a purely ac process, on the C-V,  
C-f, and G-f measurements, which are combinations of ac 
and dc processes, but also on the I-V measurement, which 
is a dc process. 

Further studies are needed in order to elucidate the 
nature of the traps and to find the elements controlling the 
potential barriers at the interfaces. 
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