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The problem of the thickness dependence of the dielectric constant, as well as the extrinsic contributions to
its value, is analyzed for the case of epitaxial Pb�Zr,Ti�O3 �PZT� thin films. It is shown that the frequency
dependence of the measured capacitance is best simulated by an equivalent circuit incorporating the trap-
containing capacitance of a Schottky contact. The thickness dependence of the dielectric constant, calculated
using the formula of a plane capacitor, appears to be an extrinsic effect due to the interface phenomena in the
metal-ferroelectric-metal structure. The intrinsic dielectric constant of the PZT material seems to be thickness
independent and of low value of about 30–40. This is closer to the values estimated from Raman measurements
or from quantum theories of ferroelectricity. The thickness independence is also proven by piezoresponse force
microscopy measurements. The presence of traps is evidenced by the presence of a photovoltaic effect at
subgap wavelengths.
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I. INTRODUCTION

The static or low-frequency dielectric constant, shortly
named “dielectric constant,” is an important quantity in the
case of ferroelectric materials of Pb�Zr,Ti�O3 �PZT� type.1

Its knowledge is important in the case of designing electronic
components or modeling electric and ferroelectric
properties.2 The main problem is the large spread of the re-
ported values, especially in the case of thin films, although
the PZT composition is the same. This fact raises serious
problems when attempting to place numerical values for the
dielectric constant into theoretical models simulating the ex-
perimental results. For example, the thermodynamic theory
predicts that the dielectric constant along the polar axis is 67
for PbTiO3 �PTO� and 86 for PZT with a Zr/Ti ratio of
20/80, a much studied composition in recent years.3 Raman
measurements performed on PbTiO3 crystals, coupled with
the Lyddane-Sachs-Teller �LST� relation, give a value of 41
for the static dielectric constant.4 More recent quantum theo-
ries predict a value of about 40.5,6 On the other hand, the
reported values for the dielectric constant extracted from ca-
pacitance measurements, for similar PZT compositions, vary
from about 320 �Ref. 7� to about 120 �Ref. 8�, going through
some other values in the 200–300 range.9–11 Discrepancies in
the values of the dielectric constant were reported earlier, for
other ABO3 perovskite compounds, such as BaTiO3, LiTaO3,
or Pb1−xLaxTi1−x/4O3.12 For these compounds it was observed
that the dielectric constant evaluated from the lattice vibra-
tion modes ��m� is smaller than the dielectric constant evalu-
ated from capacitance measurements ��cap�. The difference
was attributed to relaxation mechanisms which are active at
the low frequencies used for capacitance measurements �usu-
ally in the range of 102–106 Hz�, but are not active in the
frequency range used for Raman measurements �which are

larger than 1010 Hz�. Such mechanisms could be related to
the presence of impurities, structural disorder, composition
fluctuations, etc. It was observed that the ratio �cap/�m in-
creases in the materials with a higher degree of disorder,
while it is close to 1 in single crystals such as LiTaO3 or
LiNbO3.13 A theory of “dirty” displacive ferroelectrics was
developed, considering the coupling between impurities and
lattice modes.14 However, the theory does not take into ac-
count the fact that the structure used for capacitance mea-
surements is a metal-ferroelectric-metal �MFM� structure,
while for optic measurements the electrodes are missing.
Therefore, the interface effects are not considered. The
temperature- and time-dependent electron exchange between
charged structural defects and the electron bands was also
neglected.15 It is interesting to observe that, with few excep-
tions, the effect of the microstructure on the dielectric behav-
ior was disregarded. An exception was the above mentioned
theory of dirty displacive ferroelectrics, which tried to rec-
oncile the dielectric constant derived from electric measure-
ments of the capacitance with the soft-mode models of fer-
roelectricity. Other exceptions are related to the ferroelectric
domain walls, which are structural defects that can bring
significant extrinsic contributions to the dielectric constant
derived from capacitance measurements performed at small
electric fields.16–20 However, most real samples are full of
other defects, such as vacancies, impurities, dislocations, and
grain boundaries, not to mention the electrode interfaces. All
these can contribute in different ways to the dielectric
response—i.e., to the dielectric constant.21,22

Closely related to this spread of values over two orders of
magnitude, as exemplified for PZT20/80, is the so-called
“thickness dependence” of the dielectric constant. It was
found that the latter decreases with decreasing thickness of
PZT ferroelectric films.23,24 This is usually explained by the
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presence of a thin layer of low dielectric constant at the
electrode interfaces �the “dead layer”�, leading to the series
capacitor model suggested by Scott et al.25 Later on theories
were developed to sustain the presence of the dead layer and
thickness dependence of the dielectric constant.26–32 Re-
cently it was shown that thickness effects, such as the
“smearing” of the ferroelectric transition and the thickness
dependence of the dielectric constant and transition tempera-
ture, are not intrinsic phenomena in the case of BaTiO3
�BTO�, SrTiO3 �STO�, and �Ba0.5Sr0.5�TiO3 �BST� single-
crystalline thin films.33–35 It was shown that, with a proper
data analysis, the transition temperature is thickness indepen-
dent in the case of the BTO and BST samples and that the
dielectric constant is close to that of the bulk in the case of
STO layers. However, it might be not appropriate to compare
results, or to extend models and conclusions, from BTO-
STO-type materials to PTO or Ti-rich PZT layers. In spite of
the same ABO3 type and tetragonal-to-cubic transition, the
materials might be very different in behavior. This statement
is based on the fact that the A-O bond has a very different
nature in BTO and PTO �or Ti-rich PZT�. It was experimen-
tally observed that the perovskite compounds with smaller
covalent bond energy of the A-O bonds have a higher tran-
sition temperature.36 Later on it was theoretically argued that
the Ba-O bond is ionic, whereas the Pb-O bond is covalent.37

In other words, in the case of the Ba-O bond the electrons are
localized and the bond is polar, while in the case of the Pb-O
bond the electrons are delocalized. The electron-lattice inter-
action then contributes to the stability of the ferroelectric
phase at higher temperatures. This important difference can
have significant consequences for the electronic properties of
the two types of materials. Therefore, the models used to
explain the properties of the BTO-BST system might not be
valid in the case of the PTO-PZT system, including the mod-
els developed to explain the thickness effects.

Returning to the problem of the dead layer in MFM struc-
tures, as a layer of different properties, recent experimental
investigations on epitaxial PZT do not support its presence in
this case.38 However, the presence of an interfacial capaci-
tance cannot be totally ruledout as it seems that in PZT epi-
taxial films it is more appropriate to use the Schottky model
for the metal-ferroelectric interfaces, including the voltage-
dependent Schottky capacitance.39–41 The present paper will
produce further evidence that, in the specific case of epitaxial
Ti-rich PZT films, the Schottky model is more appropriate.

Experimentally, the dielectric constant is measured using
a simple plane-parallel capacitor geometry and is determined
using the following relation:

Cm = �0�
S

d
, �1�

where Cm is the measured capacitance, �0 is the vacuum
permittivity, � is the dielectric constant, S is the capacitor
area, and d is the thickness. However, different experimental
values are obtained for a structure with Schottky contacts if
the dielectric constant is simply calculated using the above
formula. The most known example is silicon which has a
textbook value of its dielectric constant of 11.9 and any de-

veloped model uses it.42 Attempts to use Eq. �1� to calculate
the dielectric constant of Si will fail. It can be easily shown
that the “dielectric constant” calculated in this way is given
by the product between the intrinsic dielectric constant and a
d /w factor, where d is the thickness of the sample and w is
the thickness of the depleted region of the Schottky diode. As
usually d�w, the dielectric constant calculated using Eq. �1�
will be larger than the intrinsic value. Only in the particular
case of full depletion, when d�w, is the dielectric constant
calculated from the planar capacitor identical to the dielectric
constant of the material of the Schottky diode.

We can extrapolate the above example to PZT epitaxial
films and we can state that there is a problem related to
determining the dielectric constant of PZT by simply using
Eq. �1�. The quantity calculated using the above formula of a
planar capacitor applied to a MFM structure might be far
from the intrinsic value of the ferroelectric material.

In this paper we analyze the problem of the dielectric
constant in epitaxial tetragonal PZT films with special em-
phasis on its thickness dependence and on the intrinsic-
extrinsic contributions. We assume that the depletion layers
at the metal-ferroelectric Schottky contacts significantly con-
tribute to the measured capacitance and we consider them in
a simple model which allows for an evaluation of the intrin-
sic permittivity of tetragonal PZT.

Experimental data have been acquired using tetragonal
single-crystal-like epitaxial PZT layers with low or zero den-
sity of extended defects such as threading and/or misfit
dislocations.43,44 This has been done under the belief that it is
not appropriate to compare results or to apply models devel-
oped for polycrystalline films to single-crystal epitaxial films
or vice versa. Especially in the case of the dielectric re-
sponse, when the microstructure might play a crucial role,
any defect can have a contribution to the static dielectric
constant. The intrinsic dielectric constant of any material
should be basically measured on high-quality single-crystal
samples. Otherwise, the results will depend on the quality of
the sample, leading to a large spread in values and faulty
conclusions. This is the reason why great efforts were made
to grow epitaxial layers free from extended structural de-
fects, including misfit or threading dislocations. However,
point defects such as oxygen or lead vacancies and inherent
impurities of the raw materials of the target used for pulsed
laser deposition �PLD� could not be avoided.

We will show first, by comparing the results of the polar-
ization hysteresis measurements and capacitance-voltage
�C-V� characteristics, that the Schottky model is the option
for the metal-epitaxial PZT interface. Then, capacitance-
frequency �C-f� and conductance-frequency �G-f� data ac-
quired under conditions of saturated polarizations and field-
independent dielectric constant are simulated using a realistic
model for the equivalent circuit, including the capacitance of
the Schottky contact and the effective concentration of trap
centers associated with point defects. It is shown that, in the
absence of 90° domains, the dielectric constant estimated
using Eq. �1� is dominated by the extrinsic contributions
coming from the Schottky contacts and point defects. The
thickness dependence occurs to be an artifact of using Eq. �1�
for a structure which is not a simple plane-parallel capacitor.
The intrinsic contribution �i

* is estimated from simulations
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and is then compared to the results of theoretical estimations
and Raman measurements. The extrinsic contributions of the
electrode interfaces, traps, and 90° domains to the global
value of the dielectric constant are also estimated.

II. SAMPLE PREPARATION
AND EXPERIMENTAL METHODS

Pb�Z0.2Ti0.8�O3 films were prepared by PLD on STO sub-
strates. First, an epitaxial layer of SrRuO3 �SRO� was depos-
ited, serving as bottom electrode and epitaxial template for
the growth of the PZT film. The PZT composition was se-
lected for its very good lattice fit with the SRO-STO
substrate.43,44 The MFM structure was achieved by the depo-
sition of the top electrodes through a shadow mask. These
were from SRO, deposited by PLD at room temperature,
followed by a sputtered Pt layer for visualization. The area of
the top contact was 0.09 mm2.

Using the same deposition conditions, PZT20/80 layers
with thicknesses in the 10–250 nm range were grown on the
same type of substrates, in order to investigate the thickness
dependence of the dielectric constant. The structural quality
was investigated by transmission electron microscopy
�TEM�. It was confirmed that the films are epitaxial, with
very clean and sharp interfaces and with a low or zero den-
sity of extended defects—i.e., misfit and/or threading
dislocations.43,44 TEM analysis does not give any indications
to the existence of a defective dead layer at the electrode-
PZT interface. The content of the 90° domains was checked
by piezoresponse force microscopy �PFM�, and it was found
to be negligible up to thicknesses of about 200 nm. By care-
ful manipulation of the substrate processing and growth con-
ditions it was possible to obtain films of about the same
thickness, but with different contents of 90° domains. This
fact allowed us to evidence the contribution of the movement
of 90° domains to the static dielectric constant.

Ferroelectric properties were determined by hysteresis
measurements using a ferroelectric analyzer �TF2000, Aix-
ACCT�. The capacitance measurements and capacitance-
voltage characteristics were performed with a HP 4194A
impedance/gain analyzer.

III. EXPERIMENTAL RESULTS

A. Hysteresis loop and C-V characteristics

In order to extract the dielectric constant, the general
practice is to perform the capacitance measurement at low
frequencies, usually at 1 kHz, with no applied electric dc
field and with small amplitudes for the ac probing signal
�50–100 mV�. Then, knowing the geometrical dimensions of
the capacitor, the value for the relative permittivity � is cal-
culated using Eq. �1�. The main drawback of this procedure
is the not-well-defined polarization state, especially for a
fresh contact. In this case, the definition of the dielectric
constant gives45

� =
1

�0

�D

�E
= �* +

1

�0

�PS

�E
, �2�

where D is the electric induction or displacement, E is the
electric field, PS is the dipolar polarization �or spontaneous

polarization� existing in the absence of the electric field, but
depending on it in the form of the hysteresis loop, and �* is
the notation for the linear part of the dielectric constant �.
Equation �2� separates the linear part of the dielectric re-
sponse from the nonlinear response of the pure ferroelectric
polarization.

It can be seen from Eq. �2� that, if the ferroelectric polar-
ization is saturated and if the ferroelectric loop is rectangular,
then the term �PS /�E is zero and the dielectric constant � is
equal to the linear part �*. If the polarization state is not well
defined or the loop is not rectangular, then the term �PS /�E
is nonzero and gives a nonlinear, field-dependent contribu-
tion to �.

Assuming a rectangular hysteresis loop and knowing that
the quantity recorded during the hysteresis measurement is in
fact D, it occurs that the field dependence of D, when PS is
saturated, should be a straight line. The first consequence of
this behavior is that the capacitance of the sample should be
constant in the voltage range corresponding to polarization
saturation. Therefore, for an ideal insulator or a fully de-
pleted film the C-V characteristics should be flat �constant
capacitance� in this voltage range, if Eq. �1� applies.

Figure 1 shows the results of the ferroelectric hysteresis
and C-V measurements performed on the same device of a
PZT film. Both the static and dynamic hysteresis loops are
presented. It can be observed that the dynamic hysteresis
loop is rectangular, with sharp switching and flat saturated
polarization. We will not comment on the polarization value,
which is rather high even compared with theoretical values.3

We will just mention that values of about 100 �C/cm2 were
also reported earlier.46,47 The static hysteresis loop shows the
same polarization values, although the coercive voltages are
much smaller than in the case of the dynamic hysteresis, but
approximately the same as in the C-V characteristic. This
problem will not be detailed, as it is not the subject of the
paper. However, we draw attention to the fact that, after
switching, the “polarization” recorded in the static measure-
ment has a linear dependence on voltage. Recalling that in
fact the recorded quantity is the displacement D, it is clear
that after switching and saturation of the ferroelectric polar-
ization, according to Eq. �2�, the dependence of D on voltage
should be linear. According to the same equation the dielec-
tric constant should be practically field independent in this
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FIG. 1. Hysteresis loop and C-V characteristics for a PZT20/80
epitaxial film with a thickness of 215 nm.
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field regime, leading to a constant capacitance with voltage.
However, the C-V characteristics show a continuous voltage
variation of the capacitance even after saturation of the ferro-
electric polarization.

The above results—i.e., rectangular hysteresis shape and
the C-V characteristics—as well as the calculation of Zubko
et al.48 suggest that the MFM structure cannot be treated as a
simple plane-parallel capacitor with the ferroelectric as an
ideal insulator or fully depleted semiconductor. The voltage-
dependent capacitance, which is characteristic for Schottky
contacts, should be considered at the two electrode inter-
faces.

In order to rule out the applicability of the dead-layer
model in our case, we performed C-V measurements on films
with different thicknesses. We have applied the model of
series capacitors for several voltages in the voltage range
where the polarization is saturated. The basic relation for the
series capacitor model is34

1

Cm
=

1

Ci
+

d

�0�A
, �3�

where Cm is the measured capacitance, Ci is an interfacial
capacitance, and � is given by Eq. �2�. The approximation is
that the thickness of the interface capacitance is negligible
compared to the thickness of the film. According to Eq. �3�,
the plot of 1 /Cm as a function of thickness should be a
straight line. The intercept will give the interface capaci-
tance. The 1/Cm�d representation is shown in Fig. 2 for
thicknesses between 24 and 230 nm. Except for the sample
with 24 nm thickness, the other points lie well on a straight
line. The representation was performed for different voltages
outside the voltage domain where the polarization switching
takes place; thus, the ferroelectric polarization is assumed
saturated. According to Eq. �2�, the dielectric constant should
be voltage independent. However, according to Fig. 1, the
measured capacitance is still voltage dependent. Referring to
Eq. �3�, the only quantity that can be voltage dependent is the

interface capacitance. Thus, we have evaluated the Ci from
the intercept of the 1/Cm�d representation for the other
thicknesses �except 24 nm� at different voltages. Plotting Ci
as a function of V1/2 �see inset of Fig. 2� gives a straight line
with a negative slope near unity. This result suggests that the
interface capacitance has a voltage dependence similar to
that of a Schottky contact. We conclude that the Schottky
model is the most suitable to our epitaxial structures. The
24-nm-thick film, which has not been included in the above
analysis, confirms this conclusion, as in this case the thick-
ness of the film is comparable to the thickness of the deple-
tion region. Equation �3� is no longer valid in this case, as it
is based on the assumption that the depletion thickness is
negligible compared to the film thickness. An important con-
sequence of the above discussion is that the PZT films are
partly depleted. This is in contrast to previous reports, which
consider fully depleted films.49,50 Contradictory results, re-
garding partial or full depletion, were also reported for
BST.51,52 It seems to us that the state of partial or full deple-
tion is not an intrinsic property of a ferroelectric film, but is
a consequence of several factors, among which are the abun-
dance of structural defects, the quality of the interfaces, the
dopant concentration, the film thickness, etc. A second con-
sequence of the above-presented results is that the thickness
of the depletion region is about 10 nm or less.

We are aware of a major concern related to the limited
applicability of the Schottky model for the capacitance of a
metal-semiconductor contact. The approximation of abrupt
depletion was developed for a semi-infinite semiconductor
with a Schottky contact; thus, the Schottky model is valid if
the depletion width at zero bias is considerably smaller than
the film thickness.42 If the depletion width is comparable
with the film thickness, then the film becomes fully depleted
at very low voltages and the capacitance becomes voltage
independent. The Schottky model is no longer valid in this
case. Our results suggest that the depletion width at zero is
considerable smaller than the film thickness for the investi-
gated thicknesses range; therefore, we assume that the
Schottky model applies.

It is worth noting that the Schottky model for the capaci-
tance of a Schottky contact is different to “Schottky model”
referring to the thermionic emission over the potential bar-
rier, known also as Schottky emission, and should not be
confused. Basically, Schottky emission can be present either
or not the film is fully depleted. The difference between
partly or fully depleted in this case resumes to an evaluation
of the electric field to be used in the current density equation.
If the film is fully depleted, then the electric field is constant
and is given by the ratio between the applied voltage and the
film thickness. If the film is partly depleted, then the field
should be the maximum field at the Schottky contact.42 The
Schottky emission can be interface limited or bulk limited,
depending on the magnitude of the electron mean free path.
As discussed recently by Scott,2,53 the Schottky model is
valid if the electron mean free path is higher than the film
thickness, while the Simmons-modified Schottky model is
valid when mean free path is smaller than the film thickness.
In the first case the electrons are not scattered within the film
and their energy is conserved. In the second case the elec-
trons suffer multiple scattering and the energy is not con-
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served. In fact, these are the extreme cases of the thermionic
emission-diffusion theory develop by Crowell and Sze.54 The
mean free path of the electron can be estimated using Eq.
�3.7� of Scott’s text book.2 Although it has no relation to the
topic of the present study, we have estimated the mean free
path for our single-crystal-like epitaxial PZT films and we
obtained a value of about 20 nm, knowing that the break-
down field is about 50 MV/m and the potential barrier be-
tween SRO and PZT20/80 is about 1 eV. This mean free
path is smaller than the film thickness for most of our films;
thus, it might be that the Simmons equation applies in this
case. This fact has no impact on the capacitance used to
extract the dielectric constant and will not be further de-
tailed.

B. Thickness dependence of the dielectric constant

The thickness dependence of the dielectric constant, cal-
culated using Eq. �1� and the measured capacitance at zero
field, is presented in Fig. 3. The graph includes the samples
with negligible density of 90° domains. The encircled point
is for a sample with considerable density of 90° domains.
The line is a guide for the eye to show that the dielectric
constant has the tendency to converge towards some constant
value both at high and low thicknesses. The high-thickness
value is around 300, while the low-thickness value is about
73. It has to be noticed that the last value is remarkably close
to the theoretical value calculated for a stress-free, PZT
single crystal of the same composition.3 Also, the value for
high thickness agrees well with other reports9,11 despite the
fact that the extrinsic contributions might be different due to
different microstructures. Similar thickness dependences
were observed by other authors,24,25 although on films depos-
ited by chemical routes and having different compositions.

A large difference between the samples without and with
90° domains can be observed although the films have the
same thickness. This aspect will be discussed later in more
detail.

C. Frequency dependence of the capacitance

The frequency measurements were performed between
1 kHz and 1 MHz on pre-poled devices. The polarization

was saturated and, in this way, the contribution of the non-
linear term in Eq. �2� was negligible, considering the shape
of the hysteresis loop and the discussion from Sec. III A.
Typical C-f and G-f characteristics are shown in Fig. 4. The
behavior is similar for all the samples, no matter which
thickness or which content of the 90° domains. The capaci-
tance decreases with frequency, while the ac conductance
increases. The fact that the ac conductance is not zero, when
extrapolating to zero frequency, is due to the presence of the
dc leakage. Similar frequency behavior was reported for the
dielectric constant in the case of PZT films, although the
composition and the microstructure were different.55–57

IV. DISCUSSION

A. Model of equivalent circuit for the MFM
structure with epitaxial PZT layer

For long time the ferroelectric films with metal electrodes
were modeled as a simple capacitance-resistance �R-C� par-
allel circuit, in which the equivalent resistance takes into
consideration the finite losses in the ferroelectric material �dc
leakage or ac relaxation mechanisms�. This model was used
to simulate the hysteresis loop or the C-V characteristic.58–61

However, different model circuits for the MFM structure
were used to explain the current-voltage �I-V� characteristic.
Some of them have considered the Schottky rectifying con-
tact in order to explain the dc leakage current behavior.62–64

Recently, a constant phase element �CPE� was introduced
into the equivalent circuit in order to explain the results of
impedance measurements on a number of polycrystalline and
amorphous materials with high dielectric constant.56,65–68 As
these studies were performed on highly disordered systems,
and considering that our PZT films are of single-crystal qual-
ity, the presence of a CPE in the equivalent circuit will not be
considered.

The discrepancy between the equivalent circuits used for
hysteresis and C-V characteristics on the one hand and I-V
characteristics on the other hand is mainly due to the fact that
ferroelectric properties, like polarization switching and the
dielectric constant, are analyzed separately from the charge
transport properties. A complete equivalent circuit should
consider all necessary elements in order to be applicable to
all electric measurements performed on MFM structures, in-
cluding C-f and G-f characteristics.

Therefore, we have included a Schottky-type capacitance
into the equivalent circuit. The Schottky capacitance models
the voltage-dependent depletion layers which are present at
the electrode interfaces. As any capacitance, the Schottky
depletion region can be represented as a parallel C-G
connection;21 therefore, the equivalent circuit of the MFM
structure will include the Schottky capacitance CS, which
takes into consideration the equivalent capacitance of both
Schottky interfaces; a dc conductance Gdc, which takes into
consideration the nonzero leakage current at zero frequency
and which is dominated by the low conductance of the de-
pleted region; a parallel capacitance-conductance �C0-G0�
group, taking into consideration the neutral volume, and a
serial resistance RS, taking into consideration the finite resis-
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FIG. 3. Thickness dependence of the global dielectric constant,
calculated using Eq. �1� for the MFM structure. The line is only to
guide the eye.
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tance of the electrodes. A schematic of the equivalent circuit
is shown as an inset in Fig. 4�b�.

The link between CS, C0, G0, and RS on the one hand and
the measured capacitance Cm and conductance Gm on the
other hand is given by the following equations:

Cm = � CS

Gdc
2 + �2CS

2 +
C0

G0
2 + �2C0

2���RS +
Gdc

2

Gdc
2 + �2CS

2

+
G0

G0
2 + �2C0

2�2

+ �2� CS

Gdc
2 + �2CS

2 +
C0

G0
2 + �2C0

2�2�−1

,

�4�

Gm = �RS +
Gdc

Gdc
2 + �2CS

2 +
G0

G0
2 + �2C0

2���RS +
Gdc

Gdc
2 + �2CS

2

+
G0

G0
2 + �2C0

2�2

+ �2� CS

Gdc
2 + �2CS

2 +
C0

G0
2 + �2C0

2�2�−1

,

�5�

where �=2�f, with f the frequency of the small-amplitude
ac voltage. The serial resistance RS of the electrodes can be
estimated by measuring the resistance of the SRO layers de-
posited on STO substrates in the same conditions as the bot-
tom and top electrodes of the present samples. We recall that
the bottom electrode is epitaxial while the top electrode is
polycrystalline, as the last one was deposited at room tem-

perature. It was found that the resistance of the top electrode
is important, which is in the 1–10 � range, depending prob-
ably on the thickness and microstructure of the SRO layer.
Although the number of laser pulses was the same for all
samples, the thickness of the SRO layers is not exactly the
same, a variation of 20% being possible from sample to
sample. The amount of structural defects in the top SRO
contact is also variable from sample to sample and can lead
to some spread in the values of RS. We can say that the
experimental measurements helped to estimated the order of
magnitude for RS but not the exact value; therefore, this
quantity will be further on treated as a parameter bound to
values in the same range as the experimental ones. On the
other hand, the I-V measurements have shown high current
densities in the studied samples, suggesting a relative leaky
neutral volume.69 Considering the experimental results of dc
current measurements it can be assumed that the condition
1/Gdc	 �RS+1/G0� is fulfilled and that Gdc→0 as is the case
for a depleted region. Considering these approximations Eq.
�4� can be simplified to

Cm = � 1

�2CS
+

C0

G0
2 + �2C0

2���RS +
G0

G0
2 + �2C0

2�2

+ � 1

�CS
+

�C0

G0
2 + �2C0

2�2�−1

. �6�

Equation �5� in dc conditions ��=0� leads to

FIG. 4. �a� Capacitance-frequency �C-f� and �b� conductance-frequency �G-f� characteristics of an epitaxial PZT20/80 film with a
thickness of 150 nm. The inset in �b� shows the schematic of the equivalent circuit used for simulating the frequency characteristics. The
notations stand for CS, capacitance of the Schottky contact; C0, capacitance of the neutral ferroelectric layer; G0, conductance of the neutral
ferroelectric layer; RS, the serial resistance of the SRO electrodes; Gdc, the dc conductance of the entire MFM structure. �c� The C-f
characteristic up to 40 MHz for a sample of 215 nm. This is to show that the capacitance after relaxation, instead of being constant as shown
by simulation, continues to decrease because of the parasitic influences of the external circuitry.
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Gm = �RS +
1

Gdc
+

1

G0
�−1

� Gdc. �7�

The value of Gdc was estimated to about 0.8 �S from the
experimental G-f graph shown in Fig. 4�b�, by extrapolation
to zero frequency. Considering Eq. �7�, Eq. �5� can be further
on simplified by arranging it in two parts: one which controls
the high-frequency response, and in which Gdc→0, and a
second part which considers only the dc response and which
is approximately equal to Gdc:

Gm = �RS +
G0

G0
2 + �2C0

2���RS +
G0

G0
2 + �2C0

2�2

+ � 1

�CS
+

�C0

G0
2 + �2C0

2�2�−1

+ Gdc. �8�

We mention that this approximated equation is valid for the
specific case of PZT films having a low bulk resistance. If
the bulk resistance is comparable with Gdc, then the exact
equation �5� should be used.

The experimental C-f and G-f dependences shown in Fig.
4 were fitted with the above equations �6� and �8� in order to
obtain the parameters CS, C0, G0, and RS. The best fit was
obtained for the following values: CS=1.3 nF, C0=150 pF,
G0=2.4 mS, and RS=4 �. It is easily found that the value CS
coincides with the measured capacitance Cm at the lowest
frequency, which is 1 kHz in the present case. The other
parameters serve to simulate frequency dependences. The re-
sults of the simulations, for both the capacitance and conduc-
tance, are also shown in Fig. 4. The simulated values are
higher than the measured ones for the frequency range be-
tween 1 kHz and about 300 kHz. In fact, the simulated ca-
pacitance is constant and equal to CS up to about 100 kHz,
then starts to decrease due to the bulk components C0 and
G0. This is because CS was considered constant, neglecting
the contribution of deep traps in the depleted region, which
have also a frequency-dependent response. This aspect will
be discussed later on in some detail. We emphasize that the
same set of parameters simulates quite well the frequency
dependences of both capacitance and conductance, the latter
being related to the loss tangent.21 The above result shows
that, at low frequencies, the capacitance of the MFM struc-
ture is dominated by interface phenomena. Similar results
were recently reported in the case of hexagonal BaTiO3
single crystals.70 We mention that the simulation with the
exact equations �4� and �5� does not bring a better fit in the
intermediate frequency range.

One can argue that extending the frequency range for ca-
pacitance measurements we should obtain a plateau of con-
stant capacitance equal with C0. Unfortunately, the parasitic
capacitance and inductance of the external wires and inter-
mediate connectors strongly affect the measured capacitance
values at frequency higher than 5 MHz. Although efforts
were made to reduce the length of the external wires and the
number of intermediate connections along the measurement
circuit, it was not possible to obtain a clear constant capaci-
tance in the frequency range up to 40 MHz allowed by the
HP 4194A impedance/gain analyzer. As seen from Fig. 4�c�
the slope of the C-f graph is considerable reduced above

1 MHz, but the capacitance value continues to decrease up to
about 40–50 pF at 40 MHz. This capacitance leads to a
value of around 13 for the dielectric constant, which is much
smaller than any theoretical estimates. For this reason the
experimental measurements were performed only in the
1 kHz to 1 MHz frequency range.

B. Intrinsic and extrinsic contributions to the dielectric
constant of the MFM structure

Taking the C0 value as the true capacitance of the PZT
layer and using Eq. �1� to calculate the dielectric constant, a
value of around 27 is obtained. This value is much smaller
than any of the values presented in Fig. 3, even for the thin-
nest film of 10 nm.

It is interesting to note that the value of 27 for the dielec-
tric constant of PZT20/80, although it is a rough estimate, is
close to the value of around 28 estimated for PbTiO3 thin
films from Raman measurements71 and is fairly close to the
value of 37 obtained from calculations performed in fixed-
strain conditions by using modern theories on
ferroelectricity.5 We recall that a value of 41 was estimated
from Raman measurements, using the LST relation in the
case of PbTiO3 single crystal.4

The use of the LST relation might be a subject of discus-
sion, as it was theoretically shown that even PTO is not a
purely displacive ferroelectric. However, at room tempera-
ture the displacive character is dominant and only at high
temperature and in the paraelectric phase does the order-
disorder character become distinct.72 The mixture between
displacive and order-disorder becomes more relevant in the
case of PZT films in the morphotropic phase region, for Zr-
rich films, or for doped PTO materials.73,74 As our films are
near the PTO end of the PZT phase diagram and are of
single-crystal quality, we assume that the displacive charac-
ter is dominant and that the LST relation still holds. In any
case, all of the above-cited values are much smaller than the
one predicted by the thermodynamic theory.3

Considering all these results, it appears that the intrinsic
value of the dielectric constant of epitaxial Ti-rich PZT films
is significantly smaller than was previously thought, possibly
in the range of 30–40 and not of the order of 200–300 as
extracted from a capacitance measurement of MFM struc-
ture. The fact that the dielectric constant of the thinnest mea-
sured films approaches the intrinsic value supports the idea
that, at low thickness, the films become fully depleted. The
metal-ferroelectric interface contribution vanishes, and only
structural extended or point defects which are electronically
active can still have a contribution to the dielectric constant.
That might explain the difference from about 30–40, ob-
tained theoretically, to about 70, as shown in Fig. 3. In any
case, further studies are needed to obtain the true intrinsic
dielectric constant from experimental measurements. These
imply on the one hand a strict control of the PZT structure
�including point defects� in order to obtain ideal single-
crystal films and on the other hand the elimination of any
parasitic inductance and capacitance in the external circuit
that might affect the capacitance measurement.

We recall that the contribution of the spontaneous polar-
ization to the dielectric constant calculated with Eq. �2� is
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considered negligible �the term �PS /�E is null�. Thus, �
=�*, meaning that the global dielectric constant calculated
with Eq. �1� contains only the linear response to the electric
field. This global dielectric constant, calculated from the
measured capacitance Cm, might contain intrinsic and extrin-
sic contributions. Considering that the intrinsic contribution
is around 30, it results that the global dielectric constant is, in
fact, dominated by extrinsic contributions.

Some experiments were performed in order to extract the
weight of the possible extrinsic contributions to the dielectric
constant. The possible extrinsic contributions are from: �i�
deep traps located in the depletion region and �ii� 90° do-
mains, when they are present.

Although the presence of structural defects in PZT films is
generally accepted �dislocations, point defects, etc.�, their
electrical activity by trapping-detrapping charge carriers is
usually neglected when discussing the contribution to the
dielectric constant. The above model can be refined by intro-
ducing the exact expression for the Schottky capacitance CS,
which takes into consideration both the existence of a deple-
tion region at the contact and the presence of deep traps in
the interface region. This equation is75

CS = � �0�iNdop

2�V + Vbi�
�1/2�1 +

NT

p�T�
en

2

en
2 + �2� , �9�

where �i is the intrinsic, material characteristic, dielectric
constant. Ndop is the doping concentration which is consid-
ered equal to the free carrier concentration p�T�. It is as-
sumed that PZT is a p-type material, and thus the holes are
the majority carriers. The same is valid for an n-type mate-
rial, only changing p�T� in n�T�, with n�T� the density of free
electrons at temperature T. NT is the concentration of filled
traps in the depletion region, and en is the emission coeffi-
cient of the traps. This is the reverse of the emission time
constant of the traps, en=1/
n. Vbi is the built-in potential.

Some of the quantities involved in Eq. �9� can be esti-
mated from current-voltage �I-V� and C-V measurements,
using the newly developed model for the metal-ferroelectric
interface.43,76 The quantity p�T�=Ndop can be evaluated from
the C-V characteristic, while NT and Vbi are extracted from
the I-V measurement. The following values were obtained
for the studied films: p�T���2–6��1018 cm−3, NT

��9–10��1020 cm−3, and Vbi�0.5 V. Further on we intro-
duce Eq. �9� into Eqs. �6� and �8� and perform new simula-
tions using the above values as starting numbers. The value
of 27 was used for the intrinsic dielectric constant �i in Eq.
�9�. The only not-known parameter is the emission coeffi-
cient en. For the investigated samples the best fit with the
experimental frequency dependences was obtained for en
values in the 50–100 s−1 range. The fit is shown in Fig. 4 for
comparison with the experimental data. An emission coeffi-
cient of 50–100 s−1 gives a time constant of 10–20 ms. This
value is characteristic for deep traps in wide-gap semicon-
ductors. PZT can be considered as such, with a gap value of
around 3.5 eV.77 Thus, using the trap-containing equation
�9�, the frequency response can be better simulated, at least
in the low-frequency range. Only one trap level was consid-
ered, but in real PZT films there can be more deep traps. The

frequency dependence can be even better simulated if the
energetic distribution of the traps is known, together with
their emission parameters.

Further on, using PFM it was possible to estimate the
density of the 90° domains. Two samples of 150 nm thick-
ness were then analyzed, one with a negligible density of 90°
domains and the other one with a significant density of 90°
domains.

The frequency dependences for the two samples were
simulated using expression �9� for the CS in Eqs. �6� and �8�
and using the numerical values mentioned above. For each
sample there will be a set of four capacitances: �i� the intrin-
sic value C0; �ii� the Schottky capacitance without traps CS

*,
obtained from Eq. �9� by taking NT null; �iii� the Schottky
capacitance with traps CS, calculated with Eq. �9�; �iv� the
measured capacitance Cm. Knowing these values at 1 kHz, it
is possible to calculate the dielectric constant in different
situations using Eq. �1�.

For the sample with negligible density of 90° domains the
following values were obtained: �i� intrinsic value 27, from
C0=150 pF; �ii� 150 from CS

*=810 pF; �iii� 160 from CS
=836 pF; �iv� about 170 from Cm=900 pF. From these val-
ues it is clear that the Schottky capacitance brings the domi-
nant extrinsic contribution to the global dielectric constant.
The deep traps bring a minor contribution at low frequencies,
as well as the few 90° domains which were observed by
PFM.

For the sample with a significant density of 90° domains
the numbers obtained for the dielectric constants in various
situations are �i� intrinsic value 27, from C0=150 pF; �ii�
about 238 from CS

*=1268 pF; �iii� 242 from CS=1300 pF;
�iv� about 260 from Cm=1380 pF. Again, the major extrinsic
contribution is given by the standard Schottky capacitance.
The contribution of CS

* is larger in the sample with higher
density of 90° domains. This fact is somewhat unexpected,
considering that the MFM structures were grown in the same
conditions, using the same method, and having the same
electrodes. From the electronic point of view one may expect
to have similar interfaces, with about the same standard
Schottky capacitance. However, the effects of the 90° do-
mains, located in the depletion regions, on the overall prop-
erties of the Schottky interface are not very well known al-
though some theoretical models were developed for this
case.78 It is assumed that the 90° domain walls are charged;
thus, their effect on the space charge density in the depleted
region might be significant. The different doping concentra-
tions, 2.5�1018 cm−3 compared to 5.5�1018 cm−3 as ob-
tained from C-V measurements, can also explain the differ-
ence.

The apparent minor contribution of the 90° domains lo-
cated in the volume of the film to the global dielectric con-
stant might be explained by the fact that these domains are
hardly movable, requesting voltages much larger than the
small-amplitude ac signal used for capacitance
measurements.79 The contribution of the 90° domains to the
dielectric constant can be increased using special configura-
tions for the top electrode.80

Regarding the presence of deep traps in the epitaxial PZT
films, this was evidenced by the presence of a short-circuit
photovoltaic signal at wavelengths corresponding to subgap
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energies. The reasoning was as follows: If there are deep
traps in the PZT, some of them might be filled in the inter-
face region due to the energy band bending. When illumi-
nated with light having enough energy to excite the trapped
carrier in the bands, a current should occur in the external
circuit due to the electric field existing in the interface re-
gions in the case of Schottky contacts. Therefore, a short-
circuit current should be measurable at energies below the
gap value, especially if the concentration of trap centers is
important. A Xe lamp was used for the experiment, in con-
junction with a monochromator and a UV filter cutting down
all the wavelengths below 450 nm. These precautions were
taken in order to suppress the signal produced by the funda-
mental absorption of the higher diffraction orders of the UV
wavelengths. The recorded current is presented in Fig. 5.

A clear nonzero signal can be observed at wavelengths
between 455 and 620 nm. These correspond to energies in
the region 2.0–2.7 eV. From these results we can conclude
that there are deep trap centers located near the midgap in
PZT. As suggested by the continuous spectral distribution
shown in Fig. 5, it might be a more or less continuous dis-
tribution of traps covering the above-mentioned energy spec-
trum. The two local peaks suggest the presence of two dis-
crete trapping levels in the same energy range. This result
confirms the fact that the frequency response of the deep
levels might be more complicated than the simple case con-
sidered in simulations, with only one discrete trap level.

C. Thickness dependence of the dielectric constant

The results obtained on the two samples with different
densities of 90° domains show that the bulk contribution,
giving the intrinsic part of the dielectric constant, is the
same. Only the extrinsic contribution has changed. However,
the two samples were of similar thickness, 150 nm. The
question is how the intrinsic dielectric constant at different
thickness behaves.

We performed similar simulations and calculations for a
sample of 24 nm thickness, in which the 90° domains are
totally absent. The resulting values are CS=2.7 nF, C0
=900 pF, G0=39.5 mS, and RS=10 �. The dielectric con-
stant calculated using CS in Eq. �1� is 80, in fairly good

agreement with the value of 75 calculated using Cm. The
important point is that the bulk part is thickness independent,
giving the same dielectric constant of about 27, while the
“global dielectric constant” calculated by Eq. �1� is thickness
dependent. This apparent “thickness dependence” shown in
Fig. 2 seems to come from the Schottky capacitance associ-
ated with the electrode interfaces.

As the thickness of the depleted regions becomes compa-
rable to the thickness of the bulk, the equivalent dielectric
constant calculated by Eq. �1� approaches the intrinsic value
and thus will decrease with the thickness. If the bulk thick-
ness is much larger than the depleted regions, then the di-
electric constant will converge towards a value which is con-
trolled by bulk extrinsic contributions, such as 90° domains
or dislocations. These will form in larger amounts in thicker
films, it being known that above some critical thickness the
strain imposed by the substrate will relax by forming ex-
tended structural defects.

The results of the C-f measurements and the conclusion
that the intrinsic dielectric constant of the PZT material is
thickness independent are supported by the results of PFM
investigations regarding the piezoelectric coefficient d33. It is
known that in tetragonal ferroelectrics with cubic paraelec-
tric phase the piezoelectric coefficient, the dielectric con-
stant, and the spontaneous polarization PS are related through
the equation81–83

d33 = 2Q�0�33PS, �10�

where Q is the electrostriction coefficient. In the investigated
thickness range from 24 nm up to 270 nm, all our samples
possess a spontaneous polarization of 1±0.1 C/m2. The d33
value estimated from the first harmonic of the PFM
signal84,85 is 60±5 pm/V and shows no thickness depen-
dence in the investigated thickness range �Fig. 6�. The values
were determined in uniform field by performing PFM mea-
surements through the top electrode, improving also the con-
tact between the PFM tip and the surface.58 The obtained
values are in good agreement with other reports.86,87 Consid-
ering that Q is also a material constant and should be thick-
ness independent, it results that the value of the dielectric
constant �33 should be also thickness independent. The elec-
trostrictive coefficient can be related to the tetragonality and
polarization by the relation88,47

c

a
− 1 = QPS

2. �11�

The tetragonality of the PZT films was calculated from the
electron diffraction pattern �TEM�, c /a�1.06 for all thick-
nesses from 20 nm to 270 nm. The tetragonality of the cu-
bic, paraelectric phase was assumed to be 1, as the lattice
mismatch is negligibly small and the PZT film grows in non-
strained conditions. Knowing c /a and PS ��1 C/m2�, which
are thickness independent for the investigated range of thick-
ness, Q could be calculated by Eq. �11�, Q�0.06 m4/C2.
This value is in between other reported values, such as
0.025 m4/C2 �Ref. 89� or 0.089 m4/C2 �Ref. 3�.
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FIG. 5. Spectral distribution of the subgap photovoltaic short-
circuit current measured on epitaxial PZT20/80 films.
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Using the above-mentioned values for d33, Q, and PS in
Eq. �10�, a value of about 56 results for the dielectric con-
stant. If the theoretical value of 0.089 m4/C2 is used, Eq.
�10�, instead of the experimental one determined from Eq.
�11�, then the value for the dielectric constant is about 38.
Both values are smaller than calculated from the measured
capacitance Cm and are closer to the dielectric constant esti-
mated from the C-f simulations. In any case, the PFM results
confirm that the thickness dependence of the dielectric con-
stant is an effect of extrinsic phenomena related to the over-
all MFM structure and is not an intrinsic property of the PZT
material.

V. CONCLUSIONS

From the above presented results the following can be
concluded.

�i� The “dielectric constant” calculated by Eq. �1� is con-
trolled by extrinsic effects related to the presence of the
Schottky contacts, trap centers or/and 90° domains.

�ii� The epitaxial tetragonal PZT films are only partly de-
pleted.

�iii� The dielectric behavior at low frequencies is domi-
nated by the above mentioned extrinsic contributions.

�iv� The intrinsic part of the global dielectric constant
appears to be thickness independent, as it should be for a true
material constant.

�v� The so-called thickness dependence of the dielectric
constant is an artifact originating in an incorrect use of Eq.
�1� for the case of a MFM structure comprising Schottky
interface capacitances, as is the case of tetragonal PZT films
with SRO electrodes.

�vi� The above model might not be directly applicable for
polycrystalline ferroelectric films or ferroelectrics with high
ionic degree of bonding such as BaTiO3 or BST.
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