JOURNAL OF OPTOELECTRONICS AND ADVANCED MATERIALS Voal. 8, No. 1, February 2006, p. 7 — 12

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 x 10™® cm™, with
a remnant polarization of 40 uC/cm?, and with an effective density of the fixed charges in the depletion region of about

1.8x10% em™.
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1. Introduction

The ferroelectric perovskites (ABO;) are traditionally
considered insulating materials mostly due to the ionic
nature of the chemica bonds [1]. Recently, it was shown
that the origin of ferrodectricity in the most representative
perovskites, barium titanate (BTO) and lead titanate
(PTO), is quite different and is directly relaed with the
nature of the chemical bonds[2]. The e ectronic 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 covdent. The dectronic conduction can no
longer be neglected. The eectronic properties should be
different for the two compounds. The lead-based materias
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
electrogtatics, 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/ferroeectric
properties such as the dielectric constant and the coercive
filed [3-7]. This model reduces the meta-ferroelectric-
metd (MFM) structure to a ssimple, 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 modds proposed until now to explain
various experimental phenomena observed in PZT thin
films:
¢ The investigation of the eectric/ferroelectric
properties were in generally performed on polycrystalline
thin films, neglecting the effect of the grain boundaries

and considering the films as homogenous in structure and
composition.
¢ A modd working well for a given ferroelectric
materia might not be suited for another materid. The
ferroelectric polarization is, ultimately, a microscopic
property, therefore it is very sendstive to the locd
potentials and atom arrangements.
¢ Thedipolar properties, represented by the ferroelectric
polarization, are considered dissoci ated from the electronic
properties, despite the fact that the polarization is, in fact,
a charge that might ater the local potentids 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 usudly
performed on MFM structures, among which the most
important are: the hysteresis 1oop, the capacitance-voltage
characteristic (C-V), and the current-voltage characteristic
(1-V). In the present paper the results obtained on epitaxia
PZT thin films are explained in the frame of the same
model, which considers the PZT film as a wide-gap
semiconductor with Schottky contacts and eectricdly
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 crysta
SrTiOz doped with 0.5 % Nb. The growth method was the
Pulse Laser Deposition (PLD). First a layer of about 80
nm thickness of SrRuO; was deposited as bottom
electrode, then the PZT film was deposited from a ceramic
target with a composition of Phy1(Zro2Tigs)Os. 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 film is epitaxial, with very smooth
surface, and with a low density of 90 ° domains. Top
SrRuO; eectrodes, with an area of 0.275 mmn?, were
deposited by PLD for electric measurements.

The hysteresis loop measurements were performed
both in the dynamic and the static mode using a TF2000
Anayzer (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 Kethley 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 atemperature sensor placed near the PZT film.

3. Results

1. Hysteresis. The hysteresis loops obtained at
different frequencies are presented in the Fig. laand b for
both dynamic and static modes. The remnant pol arization
is about 40 pC/lcm? and appears to be frequency
independent. The coercive voltage, on the other side,
shows a strong frequency dependence. A nice, linear,
saturation domain can be observed, with aclockwise 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:

D=¢g,e4E+ P 1)

where g4 is the static diel ectric constant (the linear part), E
is the dectric fidd and Ps is the true ferrodectric
polarization, known also as spontaneous polarization. The
€4 Was estimated from the linear, saturated, part of the
loops. The corrected static |oops 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
clockwisetilt of the loop & so remains, while in the case of
the static mode measurements the tilt is lifted after
correction. These results cannot be explained only by
domain walls movement, as long as in the static mode a
rdlaxed and well saturated polarizetion leads to an
anomdy high dielectric constant (37,000 a 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 a
different frequencies are presented in the Fig. 2a. A sharp
peak/discontinuity can be observed in capacitance, for
both positive and negative polarities. The film 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. Theresultis
shown in the Fig. 2b. It is clearly seen that the capacitance
peak/discontinuity is related with the pol arization reversa,
being present when the voltage is swept up to +5 V (the
reversal take place) and absent when the voltage is swept
down to OV (no reversal teke place). Thisfinding 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 filmin 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 possibility 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 anayze the Fig. 3a, where the hysteresisloops 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. Thisis 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
norma  meta-semiconductor Schottky contact. The
general formulais[14]:

2
QAg,e, [d(L/ C?) /av)

o(T)= &)

where c(T) is the concentration of the free carriers a the
temperature T, A is the dectrode area, and &4 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 spatia 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 3x10™ cm®, independent of the frequency of the
small amplitude ac signal. It was found that this vaue is
also temperature independent, suggesting a completely
ionized shallow impurity.
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Fig. 3. (a) Hysteresisloops and C-V characteristic showing the
voltage dependence of capacitanceinthe saturation domain of
ferroelectric polarization. (b) The concentration ‘hysteresis’
obtained using equation (2).
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3. 1-V measurements. The |-V characteristics are
presented in the Fig. 4. These were measured after poling
the film 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 anomal ous current
peak occurs &t 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 ferroeectric
polarization reversa. The magnitude of the peak is
dependent on the delay time, but the rest of the I-V
characteristics is amost 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 breskdown of the MFM
structure.
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Fig. 4. 1-V characteristics.

The most probable conduction mechanism is the
Schottky emission [15-17]. To be coherent with the
interpretetion of the C-V results, the eectric 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]:

In(3) ~%4 VY @)

It means that N can be estimated from (3) if the two
didectric 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 1.8x10" cm?® was obtained for
Net. Thisis one order of magnitude higher than the density
of the free carriers deduced from the C-V measurements.
Considering that Nes is a fixed charge dendity, 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 electrica measurements. The emission time 1
constant is theimportant quantity [14]:

-1
E
Ty = {Un,pvm,n,ch,v exp(—k_’r‘ﬂ 4

o is the capture cross-section, vy, is the thermd velocity,
Ncv is the density of states in the conduction or valance
band, E, 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]:

_ 9AW Ny, ( tj_ 9AW Ny, ARG
| =Tt 70 —— | = —
v (V) L —— . f

w is the depletion width, or can be the thickness occupied
by the trapsif these are distributed non-uniformly near the
interface. Nqg is the density of the occupied traps a the
beginning of the measurement. For long measuring times
the emission current from the traps is negligible because
the term exp(-t/t) tends to zero. For t<t or high
frequencies the exponentia term in (5) approaches unity
and the emisson 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, isgiven by:

[ 4 ANy, .
Q=[G+ Bl ny)  ©

a

As can be seen, the trapped charge behaves like a
parallel connected capacitance, leading to high values of
the didectric 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/w - f
spectra. These are signs that at least a trap leve is
emptying in the given temperature range (up to 300 °C).
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
uC/em? a RT and 4000 pC/em? at 170 °C. 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 ismainly due to the current
emission from thetraps located in theinterface 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 reversd



Epitaxial-quality PZT: insulator or semiconductor? 11

can be a longer process if it is performed with trapped
charges. This can explain the presence of the current peaks
inthe |-V characteristic at such long delay times.
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Fig. 5. C-f dependence (a) and G/w-f dependence (b) for various
temperatures.

4. Model and discussion

It is clear that the above experimenta results cannot
be explained in the frame of therigid, 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 materid. In anideal material the pol arization
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 chargeis present except these two sheets
of surface charges located at a finite distance from the
physica dectrode-ferroelectric interface. The polarization
charges must interact with other charges that are present in
the system. This interaction must have influence over the
locd 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 materia 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 e sewhere [15]. Thisisgiven by:

+ o (7
80 gst

All the other specific quantities for a Schottky contact
are dependent on the built-in potentid, therefore will be
affected by the ferroel ectric 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 potentia 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 initialy were
below the Fermi level, goes above the Fermi level a one
interface, while a the other interface the reverse
phenomena take place. In the absence of polarization this
phenomena is reversible, thus the traps will fill 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
will 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.
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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 aso 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 especidly at frequencies below
the 1/t, with T the emission time constant of the trap.

The present model can explain aso 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 devel oped to explain
also the fatigue phenomena [19,20]. It has to be noted that
fatigue was observed only in the case of the metd
electrodes like Pt. The present structure is with conductive
oxide dectrodes, thus the fatigue was proved to be absent.
Assuming that the oxygen vacancy accumulation &t the
electrodesiis the right modd 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 didectric 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 semi conductor, 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 precisdly 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
isadc process.

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