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Asymmetric metal–ferroelectric–metal~MFM! structures were manufactured by sol–gel deposition
of a lead zirconate-titanate~PZT with Zr/Ti ratio 65/35! film on Pt-coated Si, with a Au top
electrode. The average remnant polarization of 9mC/cm2 and the coercive field of 39 kV/cm were
obtained from the hysteresis loop measurements. A detailed analysis of the polarization–electric
field (P–E), capacitance–voltage (C–V), and current–voltage (I –V) measurement results
allowed us to estimate the near-electrode space-charge region thickness~roughly half of the film
thickness at zero voltage!, net doping concentration~around 1018 cm23), built-in potential~in the
0.4–0.8 V range, depending on the injecting electrode!, and dynamic dielectric constant~5.2!. The
current logarithm–voltage dependence for the field-enhanced Schottky emission obeys a ‘‘1/4’’ law.
The spectral distribution of the short circuit current measured under continuous light illumination in
the 290–800 nm range exhibits a cutoff wavelength at 370 nm and a maximum sensitivity at about
340 nm. The estimated band-gap energy of the PZT material is 3.35 eV. The MFM structure is
discussed in terms of two back-to-back Schottky diodes with a ferroelectric material in between. It
is concluded that the semiconductor properties of the films are not negligible and, in certain
conditions, are dominating over the ferroelectric ones. ©2003 American Institute of Physics.
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I. INTRODUCTION

Ferroelectric thin films, especially of lead titanat
zirconate@Pb(ZrxTi12x)O3# solid solutions~known as PZT!,
have been of great interest in the last decade for their ap
cations in electronic devices, such as nonvolatile memor
infrared sensors, optical shutters, modulators, etc.1–3 A vari-
ety of techniques has been proposed to fabricate PZT fi
such as metallorganic chemical vapor deposition~MOCVD!,
sputtering, sol–gel, and pulsed laser ablation~PLD!. Among
them, the sol–gel method is the most popular because o
low cost and easy application to the PZT system.4 The
method is well developed and can be used to prepare g
perovskite films at low temperatures. A large number of st
ies have been dedicated to the investigation of the structu
electric, ferroelectric and photoelectric properties of P
thin films.5–8 Depending on the target application of the film
the interest was focused on one property or another. For
ample, in the case of films for memory applications, the
terest was focused on polarization retention, imprint, and
tigue, with the aim to elucidate the mechanisms involved
these phenomena.9 Internal electric fields developed b
charged defects near the electrodes or in the film volume
believed to play an important role in these phenomena.10,11

Thus, correlated polarization–electric field (P–E),

a!Electronic mail: iulian@fisica.uminho.pt
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capacitance–voltage (C–V), and current–voltage (I –V)
measurements are necessary in order to reveal the pres
of space-charge regions~SCR! and to elucidate the problem
of conduction mechanisms in PZT thin films.

It seems likely that the semiconductor character of P
could be no longer neglected in such applications. The b
gap of PZT-type materials is rather large, around 3.2–
eV.12–14 However, the inevitable presence of defects act
as doping centres makes its semiconductor properties im
tant for the electrical and optical processes in PZT-ba
structures. The interplay between the ferroelectric and se
conductor properties seems to be crucial for deciding i
PZT film is good for a certain application or not. In the ca
of memory applications, the requirements include high re
nant polarization, low coercive field allowing operation
low voltages, good square hysteresis loop, short switch
times, good retention, and fatigue properties. They co
spond to a material with very good ferroelectric properti
On the other hand, large leakage current, large concentra
of defects acting as trapping centers and the presenc
Schottky barriers at contacts are more characteristic t
semiconductor material. These properties can interfere w
ferroelectric ones making the film useless for memory ap
cations. The same is valid for other applications, for e
ample, for light detection. If the film has good polarizatio
properties, low dielectric constant, and high pyroelectric
efficient, it could be useful for pyroelectric detection in th
6 © 2003 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp

https://core.ac.uk/display/55606484?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


tri
ed
te

nd
th
-

ro

i-
in

nu

te
e
m

a
de
io
ry
in
si
al
o-

i
at
ul
on

ed

lle
e
y

m
s
s
ri
id

e
er
of
ar

e

dral

The

ch as
the
bo-
the

he
er-

s
the
the
er–
e-

ic
a-
ed

resh

, the
the

e-
age

by
.

4777J. Appl. Phys., Vol. 93, No. 8, 15 April 2003 Boerasu et al.
infrared~IR! domain of the spectrum.15,16 If the film exhibits
good photoconductivity or photovoltaic effect~almost inher-
ent in the presence of internal electric fields!, it could be
useful as detector material for the ultraviolet~UV! spectral
region.17 Therefore, both the semiconductor and ferroelec
properties of PZT films should be thoroughly investigat
prior to deciding what type of application the studied ma
rial is good for.

In this article, we report on the electric, ferroelectric, a
photoelectric properties of sol–gel-grown PZT films wi
65/35 value of Zr/Ti ratio. This composition lies in the rhom
bohedral part of the PbZrO3– PbTiO3 system phase diagram
and has been less studied than those near the morphot
phase boundary. We analyze our experimental results
terms of existing models for ferroelectric18 and
semiconductor19 materials. It will be shown that the sem
conductor or ferroelectric properties are dominant depend
on whether the electric field applied to the sample is conti
ous ~dc! or alternating~ac!.

II. EXPERIMENTAL DETAILS

The PZT thin films were prepared using lead aceta
zirconium-tetran-butoxide and titanium-tetra-isopropoxid
as precursors. 2-metoxyethanol was used as solvent. The
lar ratio of Zr/Ti was 65/35 and a 5% excess of the le
precursor was added to the solution to compensate the
ciency in lead concentration and to assist the crystallizat
Si/SiO2 /TiO2 /Pt wafers were used as substrates. The c
tallization was performed by conventional thermal anneal
at 650 °C, for 60 min in air. More details about the depo
tion process are given in Ref. 12. The final met
ferroelectric/metal~MFM! structure was obtained by evap
ration of semitransparent gold top electrode~250 mm in
diameter! using a shadow mask. Note that the structure
asymmetric in terms of electrodes, the bottom one is pl
num and the top electrode is gold. An interfacial layer co
form at the interface with Pt electrode during crystallizati
annealing, altering the properties of the PZT film.20,21

The crystalline structure of the PZT film was analyz
by x-ray diffraction~XRD! using CuKa radiation. TheI –V
characteristics were recorded using a computer contro
Keithley 617 electrometer with a 100 V dc built-in voltag
source. Prior to theI –V measurement the film was poled b
applying a voltage of65 V for several minutes. During the
I –V measurements the voltage was varied in steps of 50
with a delay time of 30 s before current readings. Almo
steady-state currents were measured this way, with no
nificant difference between two orientations of ferroelect
polarization. The polarity of the applied voltage was cons
ered with respect of the gold~top! electrode. TheC–V mea-
surements were performed using a HP 4284ALCRbridge, at
100 kHz and with a 0.2 V amplitude ac signal. TheP–E
curves were measured at 100 kHz using a modified Sawy
Tower circuit. Finally, the photoelectric measurements w
performed using a computer-controlled setup consisting
grating monochromator Spex 270M and a 500 W Xe
lamp as light source. The generated photocurrent was m
sured with the Keithley 617 electrometer.
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III. RESULTS

A. Structural and morphological properties

The x-ray diffraction spectrum~Fig. 1! of as-deposited
films presents intense peaks of the perovskite rhombohe
phase, with preferred orientation in the~111! direction. This
conclusion was deducted analyzing the peak intensities.
preferential growth in the~111! direction is due to the plati-
num substrate, as was suggested in literature.21 The x-ray
analysis also proves the absence of secondary phases su
pyrochlore. This conclusion is supported by the fact that
only peaks occurring in the spectrum correspond to rhom
hedral perovskite phase, to the platinum substrate, and to
routil (TiO2) layer. The last one was deposited on top of t
SiO2 /Si substrate in order to increase the platinum adh
ence.

B. Ferroelectric and electrical properties

A typical P–E hysteresis loop of one of our films i
shown in Fig. 2. This curve was obtained by processing
recorded experimental data and taking into account that
charge collected from the reference capacitor in the Sawy
Tower setup is, in fact, proportional to the electric displac
mentD, according to the following equation:

D5«0« rE1PS , ~1!

wherePS is the spontaneous polarization,E the applied elec-
tric field, and« r the dielectric constant of the ferroelectr
film. This quantity derives from the linear part of polariz
tion response to applied electric field. It can be determin
from capacitance measurements performed either on f
samples~not subjected to a poling procedure! at zero dc elec-
tric field ~and using a low amplitude ac test field!, or after
saturating the spontaneous polarization. In the latter case
polarization increases linearly with a further increase of
applied electric field.22 The static dielectric constant« r is
around 475 in our films. The value of the electric displac
ment was obtained by dividing the recorded scope volt
(V) by the sample electrode area~A! and multiplying by the
reference capacitanceC0 ~i.e., D5VC0 /A). Then PS was
extracted according to Eq.~1!.

FIG. 1. XRD pattern of a ferroelectric PZT 65/35 thin film deposited
sol–gel. The asterix indicates characteristic peaks of perovskite phase
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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For the hysteresis loop of Fig. 2, the average remn
polarizationPr is about 9mC/cm2 and the average coerciv
field Ec is approximately 39 kV/cm. The latter is quite a lo
value for PZT films. As it can be seen from Fig. 2, the hy
teresis curve is asymmetric both along the field and polar
tion axes. The negative coercive field is slightly higher th
the positive one, which suggests the presence of some i
nal bias due to different electrode interfaces~different work
functions, probably different densities of interface states a
ing as traps!.23 In addition, the positive value ofPr is larger
than the negative one. The polarization shift was reporte
the so-called ‘‘graded ferroelectrics’’24 but in our case of
homogeneous film this shift could be related also to the e
trode asymmetry.25

The C–V curve of the same film is presented in Fig.
curve ~a!. It has a typical ‘‘butterfly’’ shape, with two
maxima, which should correspond to the coercive fi
values.26 Thus, if the voltage difference between the maxim
is divided by the film thickness, then roughly twice the val
of the coercive field should be obtained. This gives a co
cive field of about 18.5 kV/cm, which is much lower tha
that obtained from theP–E curve. At this point, it is worth
noting that theC–V curve is measured applying a dc bi
~the ac testing signal is small!, which means that space
charge regions may develop near the contacts and follow
bias even if the kinetics of this process is slow. If this ha
pens, the internal electric field present in SCR can imp
the polarization reversal. Thus, the film thickness acting a
real ferroelectric should be considerably reduced. We w
return to this point in the next section.

The capacitance variation with changing the appl
voltage can also be obtained by deriving theD –E ~dielectric
displacement versus electric field! curve,

CD –E[
dQD

dV
5

dQP

dV
1C0 . ~2!

In Eq. ~2!, QD5DA, QP5PSA, C05«0« rA/d, A is the con-
tact area, andd the total thickness of the ferroelectric film.

FIG. 2. Polarization vs electric field hysteresis loop of a Au/PZT~65/35!/Pt
capacitor structure. The important values for remnant polarization and c
cive field are:Pr

1510.8mC/cm2; Pr
257.4mC/cm2; Ec

1535 kV/cm; and
Ec

2543 kV/cm. The average values are:Pr59.2mC/cm2 and Ec

539 kV/cm.
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has been assumed that the film is uniform andE5V/d. The
capacitance calculated using Eq.~2! is presented in Fig. 3
curve ~b!. It can be seen from Fig. 3 thatCD –E is much
larger than the directly measured capacitance. Again,
fact can be understood if we assume that there are SCRs
the metallic contacts, which considerably shrink the part
the film behaving as a normal ferroelectric, in which pola
ization reversal is possible.

The presence of the SCR in the MFM structures lead
to the idea of considering these structures as two back
back Schottky contacts, with a ferroelectric layer betwe
them. For sufficiently high~positive or negative! voltages the
C–V curves should be similar to those of a Schottky diod
The latter is described by the following relation:19

1

C2 5
2

A2qNA«0« r
S V1Vbi2

kT

q D , ~3!

whereC is the measured capacitance;Vbi the built-in voltage
and NA the acceptor concentration, or more accurate,
space-charge concentration;k is Boltzma’s constant;T is
temperature; andq is elementary charge. ThekT/q term is
usually neglected compared toV1Vbi . The 1/C2 vs V plots
for the capacitance measured inC–V experiments are repre
sented in Fig. 4, from which the net doping concentrat
can be calculated and, from the intercept on the voltage a
a rough estimation of the built-in potential can be made. T
values obtained for the effective doping and built-in volta
Vbi at room temperature are given in Table I. We emphas
here that these are only rough estimations. The different
ues obtained for up and down voltage sweeping are du
the polarization hysteresis and asymmetric electrodes.

C. Current–voltage characteristics

During theI –V measurements, the voltage polarity w
defined with respect to the top electrode A representa
current-voltage curve is shown in Fig. 5~in logarithmic

r-

FIG. 3. C–V curves for Au/PZT~65/35!/Pt capacitor:~a! with squares, as
resulted fromC–V measurements~open squares, the applied voltage w
swiped down; solid squares, the applied voltage was swiped up!. ~b! With
triangles, as derived fromD –E measurements using Eq.~2! ~open triangles,
the applied voltage was swiped down; solid triangles, the applied volt
was swiped up!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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scale!. It is not symmetric, due to the electrode asymme
and is similar to those reported in the literature27 for MFM
structures.

D. Photoelectric characterization

The spectral dependence of the photoconductivity~PC!
was studied for several values of applied voltage by illum
nating through the top electrode. The measured signal~pho-
tocurrent! was normalized to the spectral distribution of t
lamp. The latter one was obtained using a photomultipl
thus the normalized curves are given in arbitrary units a
are shown in Fig. 6. They display a sensitivity maximum
approximately 340 nm for all the values of applied voltag
Similar spectral distributions have been reported for PZ
type materials.28 These results are presented and discusse
the end of the next section.

IV. DISCUSSION

A. Ferroelectric and electrical properties

The directly measured value of the capacitance of
structure,CC–V , is much lower than that obtained from th
hysteresis loop through Eq.~2!. For instance, atPS50 and
E5EC ~where the maximum of theC–V curve occurs!
CC–V51.21 nF andCD –E54.2 nF. As mentioned in the pre
vious section, this can be understood by admitting the e
tence of a SCR near at least one of the contacts, depen
on the polarity of applied bias. The following discussion
based on the assumption that the PZT film isp type and
behaves like a normal semiconductor.29 If the work function
of the metal electrode it is slightly larger than that of PZ

FIG. 4. 1/C2 vs V plot of theC–V curve of Fig. 3~a! Open markers, voltage
sweep down. Solid markers, voltage sweep up.

TABLE I. Acceptor concentrationNA and built-in voltageVbi obtained from
C–V measurements.

NA(31018 cm23) Vbi(V)

V1 ~down! 1.17 0.45
V1 ~up! 1.04 0.74
V2 ~down! 1.17 0.42
V2 ~up! 1.05 0.82
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~which is the case of platinum! one may expect an accumu
lation of holes at the interface. However, the presence
surface/interface states acting as trapping centers can in
a depletion region near electrodes.30,31 It is assumed that
such depleted regions are present at both electrode interf
~see Fig. 7!. When a voltage is applied on the structure t
depletion region width will increase near the reverse bia
electrode and will decrease near the other one, eventu
passing to accumulation. Roughly speaking, one Scho
contact will be reverse-biased while the other one will
forward biased. However, the capacitance obtained fr
C–V measurements is determined by the SCR capacita
~at the reverse biased interface! in series with that of the res
of the film still behaving like a ferroelectric. In the case
D –E measurements, the SCR cannot follow the variation
the ac-applied field because of the low mobility of holes
perovskites18 and large emission time constants for acti
traps at room temperature, so the depletion SCR may
form at all. In such a situation, we assume that the MF
structure acts as a single capacitor filled with the ferroelec
material@see Eq.~2!#.

FIG. 5. Current–voltage characteristics of an Au/PZT~65/35!/Pt MFM struc-
ture.

FIG. 6. Spectral distribution of the photoconductivity of a Au/PZT~65/
35!/Pt structure with semitransparent top gold electrode:~1! 11 V; ~2! 21
V; and ~3! short circuit.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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When the SCR is formed, only the part of the film ou
side this region behaves as a normal ferroelectric, mea
that polarization reversal is possible. In this case the film
be divided in two parts: one in which polarization is lock
~polarization reversal is not possible due to the internal fi
of SCR! and one in which polarization reversal is still po
sible. The equivalent capacitance of the structure obtaine
the ~point-by-point! C–V measurements is given by

CC–V[FCSCR
21 1CD –E

21 S 12
w

d D G21

, ~4!

where CSCR5«0« rA/w is the capacitance of the depletio
region andw is the SCR thickness for a Schottky contact.15 It
has to be noted that, when computingCSCR, a field-
independent dielectric constant was assumed, while the fi
dependent dielectric constant should be considered for
capacitance of that part of the film still behaving
ferroelectric.32 For w approachingd and/or for large values
of CD –E the second term in the brackets in Eq.~4! can be
neglected. This means that, for a bias higher than appr
mately 0.6 V, theC–V measurements yield essentially th
capacitance of the reverse-biased contact. This justifies
use of Eq.~3! for obtaining the values presented in Table
The finite barrier height obtained suggests the Fermi-le
pinning and the existence of a depletion layer at zero b
Due to the different metal electrodes and different annea
sequences they were subjected to, the capacitance value
two SCRs are slightly different. This asymmetry is neglec
in Fig. 7, which shows how the MFM band diagram is mo
fied when the bias is changing adiabatically.

Taking the maximum value forCC–V ~1.21 nF, at about
0.6 V!, the CD –E value at the same voltage@3.6 nF from
curve ~b! in Fig. 3# and considering a dielectric constant
475, the thickness of the depletion layers can be estimate
value of approximately 145 nm was obtained, which is ab

FIG. 7. Schematic band diagram of Au/p-PZT/Pt. ~a! virgin sample~no
polarization!; ~b! positive voltage applied;~c! zero voltage~remnant polar-
ization!; and ~d! negative voltage applied. The corresponding points on
hysteresis loop are indicated in Fig. 8. The notations are usual:EF is Fermi
level; EV is the valance band maximum;FB

0 is the potential barrier at the
metal-ferroelectric interface;Vbi

0 is the built-in potential in a as-deposite
sample;Vbi is the built-in potential in a poled sample; andDF is the barrier
lowering due to Schottky effect.
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half of the film thickness~280 nm!. With these numbers, the
coercive field calculated from theC–V curve becomes ap
proximately 40 kV/cm, a value that is quite close to th
obtained from theD –E measurements. On the other han
using the average values forNA andVbi , the depletion layer
width at the same voltage can be computed using the foll
ing formula:19

w5A2«0« r

qNA
~V1Vbi!. ~5!

A value of about 176 nm is obtained from Eq.~5!. The dif-
ference can be attributed to the influence of the interfa
surface states, which was neglected in our simplified anal
of two back-to-back Schottky contacts. This influence w
implicitly included in the calculation based on the measu
values.

Further evidence of the fact that the ferroelectric fi
behaves differently when subjected to ac or dc electric fie
can be obtained by integrating theC–V curve. It has been
claimed that, by applying this procedure, the hysteresis cu
can be reconstructed.26,33 The result of such integration i
presented in Fig. 8. We remind that the charge density
tained from aC–V curve (A21*CdV) is not the polarization
but rather the electric displacementD, according to Eqs.~1!
and ~2!. The integration was performed considering that t
entire film behaves like a normal ferroelectric, and the el
tric field was computed accordingly. It can be noticed th
the integration produces a very small value of the cha
density atE50, about 0.15mC/cm2. The saturation value is
also smaller comparing with Fig. 2. The huge difference c
be explained if we consider that the polarization value
pends on the amount of charge available for compensa
the depolarization field. It can be assumed that in case of
D –E measurements~ac electric field! the compensation is
assured by the free charge from the electrodes. In the cas
C–V measurements~dc electric fields! it seems that the
compensating charge is not enough to obtain the same v
of polarization. The part of the film still behaving as a no
mal ferroelectric is separated from compensation charge
the metal by the SCR at least at one electrode, no matte

e

FIG. 8. D –E hysteresis loop obtained by integrating theC–V curve of Fig.
3 according to Eq.~2!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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4781J. Appl. Phys., Vol. 93, No. 8, 15 April 2003 Boerasu et al.
voltage is positive or negative. The film is similar to
metal–ferroelectric–semiconductor structure, in which
semiconductor has the same composition as the ferroelec
In this case the polarization value accommodates to the l
est available compensation charge that is to the charge
semiconductor. Another fact that could impede to obtain
same polarization values in the case of Fig. 2 and Fig.
the opposite direction of the electric field in the SCR w
respect to the applied field. To have an idea, the electric fi
in the SCR could be as large as 100 kV/cm, for a voltage
1 V and using the values from Table I. Thus, the polarizat
in the SCR could be in the opposite direction than in the r
of the film. Moreover, there can exist a polarization gradi
in the SCR due to the position-dependent field in t
region.34,35 Due to all these facts the polarization value c
not be the same inD –E and C–V measurements. Anothe
severe discrepancy is concerning the value of the coer
field obtained from Fig. 8. This is much smaller even th
the 18.5 kV/cm estimated directly fromC–V measurements
The reconstruction ofP–E loop from the simple integration
of C–V curve, considering that the entire film behaves like
normal ferroelectric, can lead to wrong results when ther
evidence for the presence of SCRs. However, it can b
correct procedure when the SCR influence is negligible.

B. Conductivity mechanisms

Several conduction mechanisms have been reported
MFM structures, including the field enhanced Schottky em
sion ~SE! from the electrodes; Pool–Frenkel emission fro
traps~PF!; Fowler–Nordheim tunneling~FN!; space-charge
limited currents~SCLC!, and Ohmic conductivity.19 The lat-
ter usually occurs in low fields. For higher fields, the co
duction mechanism can be controlled by interface~like SE
and FN! or bulk ~PF and SCLC! phenomena. The SE o
FN-type conduction is strongly dependent on the electr
properties and can be considered as an electrode-contr
injection.

As it has been stated in Sec. III B, the MFM structu
can be represented by two back-to-back Schottky diodes.
cordingly, the current, for any polarity, is limited by th
reverse-biased diode, where the hole~rather than electron!
injection from the metal occurs36,37 into the depletion layer
of the film ~see Fig. 7!. At a finite temperature, even for low
applied voltages~<1 V!, it is due to the thermal emission
which depends on the applied voltage because of the im
force effect of lowering the barrier height~also known as
Schottky emission!,19

J5A* T2 expF2qS FB
02A qE

4p«0«d
D Y kTG , ~6!

whereJ is the current density,A* the Richardson constan
FB

0 the barrier for the holes from the metal side,«d the
dynamic dielectric constant of the ferroelectric film, andE
the electric field at the top of the barrier, which can be e
mated as

E5
qNA

«0«d
w, ~7!
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with w given by Eq.~5!. Thus, the current–voltage chara
teristic is described by an expression of the form:

ln J5const1b~V1Vbi!
1/4, ~8!

where

b5
q

kT S q3NA

8p2«0
3«d

3D 1/4

. ~9!

The experimentalI –V characteristics were fitted using Eq
~8! with the values ofVbi and NA obtained from theC–V
measurements~see Table I! and the dynamic dielectric con
stant was treated as adjustable parameter. The best fit, in
0.05–1.75 V range, is presented in Fig. 9 for both posit
and negative branches. It can he seen from the figure tha
‘‘1/4 law’’ ~8! is obeyed, which proves that the model
qualitatively correct.

Some remarks are necessary concerning the fitted va
of «d , which are 5.2 and 2.6 for the positive~gold electrode
depletion! and negative~platinum electrode depletion! volt-
ages, respectively. Recently, a complex model of the MF
structure was proposed, called the ‘‘Matterhorn picture.’14

According to this model, there is a very thin region~<10
nm! near the metallic electrode, with a large concentration
trapped charge~around 1020 cm23) and large electric field.
This layer is much thinner than the depletion SCR and
probably responsible for the pinning of the Fermi level at t
metal–PZT interface. The injected carriers are strongly
celerated in this region, so, their transit time is short in co

FIG. 9. Logarithmic plot of the current intensity versus (V1Vbi)
1/4 for

positive ~a! and negative~b! voltages.
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parison with the period of the long-wavelength optical ph
non. Thus, there should be no lattice screening of the im
force produced by the injected carrier, which is respons
for the barrier lowering resulting in the ‘‘1/4 law’’~8!. Con-
sequently,«d appearing in Eqs.~6!–~9! is probably the opti-
cal dielectric constant«} , which is equal to the square
refractive index of the material in the transparency range~in
the 2.2–3.2 domain!.12–14,38The difference in the values o
the refractive index obtained from the fitting for positive a
negative voltages~2.3 and 1.6, respectively! can be attributed
to the different temperature of fabrication of two electrod
While Pt electrode could interact with PZT giving rise to
interface layer with different composition, thus with differe
properties,20,21 no such mixing should be expected at t
Au/PZT interface.

Returning to the current–voltage characteristics, tunn
ing can occur at higher voltage values due to the electric fi
penetration in the metal electrodes.39 Above 2 V for the posi-
tive branch and 4 V for the negative one, the current throu
the MFM structure began to be unstable, so, no reliable m
surement was possible. This could be due to a tim
dependent dielectric breakdown.

C. Photoelectric properties

The PC spectrum~Fig. 6! shows a pronounced sensitiv
ity maximum at a wavelength of approximately 340 nm. Th
corresponds to the energy of 3.64 eV. The threshold wa
length~the wavelength for which the PC signal is 10% of
maximum! is approximately 370 nm, giving an energy
3.35 eV. In a good crystalline semiconductor, this latter va
should be considered as the band-gap energy, while the
peak energy is usually determined by the balance betw
the number of photogenerated carriers and the rate of t
surface recombination.40 This is a smaller value compared
the band gap energy~3.75 eV! obtained in our previous
paper13 from the optical absorption spectra of similar PZ
films. This discrepancy can be attributed to the presenc
tails of the density of states in the gap due to the polycr
talinity of the film.41 Our PC results imply that some of thes
tail states are delocalized.

There is a second broad PC maximum at about 700
~Fig. 6!. The energy of this maximum is 1.77 eV and a
proximately corresponds to the half of the band-gap ene
It can be assumed that there is a quasicontinuous distribu
of electronic states near the middle of the gap, which ac
trapping/recombination centers. The presence of such s
within the forbidden band is very plausible in polycrystallin
films, and they have been observed in the absorp
spectra.13

The presence of a short-circuit current proves the e
tence of an internal electric field~associated with SCR! near
the top contact, where the light is absorbed. Although
shape of the spectral distribution seems to be similar,
magnitude of the photoconductive signal is dependent on
polarity of the applied voltage~compare the curves for61
V!. This indicates that the photocurrent is sensitive to
ferroelectric polarization orientation.
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V. CONCLUDING REMARKS

We studied the electrical, ferroelectric and photoelec
properties of sol-gel derived Au–PZT65/35–Pt MFM stru
tures. Our results allow for the following conclusions:

~i! The ferroelectric films grown by sol–gel show re
sonably good ferroelectric properties, with relatively lo
values of the coercive field. This can be an advantage fo
memory cell based on this material because of low value
the operation voltage.

~ii ! The comparative analysis of theD –E and C–V
measurement results shows that, in case of high ac fields
high frequencies, the ferroelectric properties are domin
while in case of dc voltages the semiconductor properties
the ferroelectric film are more important. By this, we me
the formation of space charge regions near the electro
with the size comparable to the total thickness of the fil
The presence of the SCRs does alter the effective ferroe
tric properties of the film, in particular, the remnant polariz
tion value.

~iii ! The I –V characteristics are consistent with the i
terface controlled conduction mechanisms, namely Scho
emission for intermediate voltages and possible tunneling
higher voltages. This is in agreement with theC–V results
showing the presence of Schottky barriers at both conta
The results support partial depletion for our PZT65/35 fi
included in MFM structures.

~iv! The values obtained for the acceptor concentrati
built-in potential and dynamic dielectric constant are
agreement with those reported in the literature.

~v! The studied material shows good photoelectric pro
erties in the UV range, with a maximum sensitivity at 34
nm. This makes it interesting for UV photoconductive so
detectors.

These results imply that the interference between
semiconductor and ferroelectric properties should be c
fully studied and considered when device applications
PZT-based structures are concerned. For usual semicon
tor materials, a rigorous control of the growth and impuriti
composition is standard and indispensable for obtaining g
performance devices. In the case of ferroelectric films, suc
rigorous control probably has been achieved in terms of
growth but not regarding the impurities, which are uninte
tionally present in the film. That may lead to different resu
depending on the starting precursors purity, deposition te
nique and post-deposition annealing. Thus, our opinion
that the same technological rules as for semiconduc
should be applied to ferroelectrics if good quality and rep
ducible devices are desired.
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