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Abstract. Lead lanthanum titanate (PLT) thin films with excess PbO (from 0 to 20 mol%)

were prepared by a metal—-organic decomposition process. The ferroelectric properties and
current-voltage@—V) characteristics of PLT films were investigated as a function of the
excess PbO. Abnormal ferroelectric afidV properties were observed in PLT films with

excess PbO. The polarization against applied electric fieleF() hysteresis loops were

pinched before saturation of polarization of the films, &ré/ curves had four peaks instead

of the two peaks found in the norm@kV curves. The abnormal level of the hysteresis loops
andC—-V curves deteriorate with increasing concentrations of excess PbO in the films.
Electron probe microanalysis has revealed that there is excess Pb in PLT thin films. Auger
electron spectroscopy has detected that the Pb accumulates at the interfaces between the thin
film and the bottom electrode. Meanwhile, transmission electron microscopy has found that
PbO nanocrystals on the interface between the PLT thin film and the bottom electrode, and
clusters of vacancies and interstitials, in particular, exist in the PLT grains. Therefore, a part
of the excess PbO may accumulate at the domain wall of the grains and the grain boundaries
and the interface between the bottom electrode and film during the thermal annealing process
of the films. Meanwhile, the oxygen vacancies of the grains will increase with the increasing
concentration of the excess PbO in the films. The excess PbO and oxygen vacancies act as
pinning centres and have a strong pinning effect on the domains. When the poling voltage is
not large enough, part of the domains can overcome the force of the pinning, and abnormal
ferroelectric andC—V properties were observed.

(Some figures in this article appear in colour in the electronic versionygegeiop. org)

1. Introduction the perovskite phase by using a sol-gel process. They showed
that excess Pb additions (up to 5 mol%) and fast heating
Lead lanthanum titanate (PLT) is one of the important rates increased the perovskite content and improved the
ferroelectric materials. It has excellent dielectric, ferroelectric properties of the films fired at 60D. Bernstein
ferroelectric, pyroelectric and electro-optic properties. PLT et al [11, 12] also studied the effect of adding excess Pb,
thin films have been widely studied for applications in by sol-gel and reactive rf magnetron sputtering methods.
dynamic random access memories (DRAM), uncooling Even though the lowering of crystallization temperature to
infrared detectors and electro-optic devices [1-4]. Several 550°C was achieved with the addition of 9—16 mol%, excess
methods such as sol-gel, metallo—organic decompositionPb in PZT thin films, the electrical properties were not very
(MOD), sputtering, laser ablation and evaporation techniquesgood. In particular, additions of excess Pb resulted in leaky
have been adopted to prepare the PLT thin films [5-9]. films with poor hysteresis loop [11, 12]. Khan and Desu [13]
Because Pb is a volatile element in the Pb-based studied the PLT films (28 mol% La) with different excess
perovskite system, some of Pb will volatilize during film amounts of PbO. Their results showed that the PLT films
thermal process and cause a Pb deficit in the films. Many with 5-10 mol% of excess PbO had low dielectric loss and
researchers have added excess PbO during synthesizing thieakage current and high remnant polarization. Lefevia
PLT films to compensate for the Pb deficit and to promote the [14] used several different methods, such as excess PbO in
formation of the perovskite phase of the films. Tuéi@l[10] the precursor solution, a PbO atmosphere during the film
studied the effect of addition of excess Pb on the formation of thermal treatment and a PbO overcoat on the surface of the

0022-3727/00/070764+09%$30.00 © 2000 IOP Publishing Ltd



Excess PbO-doped lead lanthanum titanate thin films

ferroelectric films, to compensate for Pb deficiency and to i '8 T - : 100
eliminate fluorite formation in the PZT thin films. However, ¢
the effects of the excess PbO in the ferroelectric films on the - 1e5
structure and properties, especially on the electric properties % ar | e
at the electric fields which are smaller than the switching DTA {o0 °,,,
threshold are worth further investigation. Kiet al [15] Pl E
studied the low-temperature growth of PZT thin films though ¢ =
the increase of excess Pb (50 mol%) in a PZT ceramic target g G 1568 =
by using the rf magnetron sputtering method. Tihesitu 2 ot %
heating temperature was as low as 520~hen depositing © 180
PZT thin films without any non-perovskite phase. 2

In this paper, the PLT thin films with a La content = 2 - L : ' 75
of 0—20 mol% were prepared by the MOD process. The 0 200 400 600 800 1000
microstructures and electrical properties of the PLT thin films TI°C

were investigated as a function of excess PbO. Based on the tth uti

experimental results, the abnormal phenomenon in the PLTFigure 1. DTAand TG curves of the PLT10 precursor solution
S . . . with 10 mol% excess PbO.

thin films with excess PbO were tentatively explained by a

ferroelectric domain pinning effect that was caused by PbO

A analysis. Three spots in each film sample were chosen
and oxygen vacancy pinning centres.

in the measurement. Each element for the analysis in
the thin films was calibrated by using a standard sample.
2. Experimental The measured results were modified by the ZAF (atomic
o . number correction factor, Z, absorption correction factor, A,
The PLT thin films were prepared on S'“an wafers bY the characteristic fluorescence factor, F) correction. A Perlin—
MOD process. The PLT films were synthesized according to gjmer PHI600 auger electron spectroscopy (AES) was used

the formula Pl La, Tis— /403 with x = 0.1 (abbreviation  , jnyestigate AES depth profile of the PLT10 films. The
PLT10). The differentamounts of excess PbO in the range of i igent electron beam with an operating voltage of 3 kV, a
0-20 mol% were added to the PLT10 films to study effect of . rant of 1.2A and a beam diameter of Dum was used.

excess PbO. The excess pt_arcent_age of PbO in the A-sitesyy, o Argon beam with an energy of 3 keV, a current gf/s

is compared with (- x)Pb in A-sites. The 0.5 M PLT 54 5 heam diameter of 2 mm was adopted to etch the film
precursor solution was prepared from lead acetate tr'hydrate’samples. For the electric measurements, Au top electrode
titanium n-butoxide and lanthanum nitrate. 2-butoxyethanol (100 nm thick) with a diameter of 1 mm was deposited by

was chosen as a solvent. The details of the preparationye gpttering. The ferroelectric polarization against applied
procedure of the precursor solut_|ons can be seen in [7]. electric field (P—E) hysteresis loops were measured by a
Thermally oxidized (111) Si wafers were used as the 1 qifieq Sawyer—Tower circuit at a frequency of 1 kHz. The

subst_rates. Pt and Ti with different thickness were Spuneredcurrent—voltage(C—V) curves were measured by HP4192A
on Si wafers as the bottom electrodes. The precursor | ¢ impedance analyser.

solutions were spin coated onto the substrates in a clean room.

The ‘wet’ films were thermally treated at 180 and 400C

for 30 min, respectively, at a heating rate ofG3 min, 3. Results
the coating and heating processes were repeated eight time

and the final films were heated to the temperature aboveg'l' Thermal analysis

crystallization at a heating rate o€ min~*. The total  Differential thermal analysis (DTA) and thermogravimetry
thickness of the PLT films obtained in the above thermal (TG) curves of the PLT10 precursor solution with 10 mol%
treatments were about,dm. excess PbO were shown in figure 1. The solutions were dried

The thermal analysis of the precursor solutions was at 120°C and then they were measured. In the TG curve it
carried out by TA2000 thermal analysis system. The can be seen that there were four weight losses during the
structures and mOfphOlOgies of the PLT films were analysed heating process. The We|ght loss at I@&orresponded to
by a Rigaku D/MAX2000 x-ray diffractometer (XRD)  the evaporation of the organic solvent. The decomposition
with Cu Ke, atomic force microscopy (AFM), and high-  of lead acetate led to the weight loss at 3G0and (PbO),
resolution transmission electron microscopy (HRTEM) The was formed [12, 13] The Weight loss at 4%Dwas caused
HRTEM was performed with a JEOL 4000EX electron py the decomposition of other organic compounds. At the
microscope operating at 400 kV. The analytical TEM (AEM)  high temperature of 75, the evaporation of Pb became
was conducted with a JEOL 2000FX electron microscope severe. At tempera[ures below %D, there was no obvious

operating at 200 kV with a TN5500 energy dispersive x-ray |oss of PbO. Other PLT precursor solutions had similar results
spectroscopy attachment. The composition of the films exhibiting four weight losses.

were analysed by a JEOL JCXA-733 electron probe x-ray
microanalyser (EPMA) operating at a voltage of 15 kV
and a current of 20 nA. The incident electron beam was
about 3um in diameter. A crystal wavelength dispersive The microstructures and morphologies of the PLT films
spectrometer was used for x-ray wavelength and intensity are strongly affected by the precursor solution, substrate,

3.2. Structures and morphologies
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Figure 2. XRD patterns of the PLT10 films with different
amounts of excess PbO.

electrode and annealing process. The annealing temperaturc

for all of the film samples was chosen as 5&0for 1 h

which was based on the XRD and thermal analysis results.

Figure 2 gives the XRD patterns of the PLT10 films with

different amounts of excess PbO. It can be seen that thesesoo

films also had the perovskite structure. Even at high additions

of excess PbO, such as 20 mol%, no PbO peaks were observeysgg

in the XRD patterns. The (100) preferential orientation

was found in the PLT films and the intensity of the (100) g0

orientation increased with increasing amounts of excess PbO.

The following question is thus asked: has this phenomenon ,,,

to do with a layer of PbO formed between the PLT film

and bottom electrode? According to the works of Chen and

Chen[16, 17], the presence of a PbO buffer layer between the

bottom electrode and the PZT film can promote (100) texture

formation of the PZT films [16, 17]. In our case, a layer of

PbO may form between the film and the bottom electrode e - Ay

because of the excess PbO. 0 04 0.8 um
The PLT films prepared were crack free and pinhole free, (b)

and their surface was very smooth. The AFM photographs of Figure 3. The AFM photographs of the PLT10 films with

the PLT10 with 20 mol% excess PbO are shown in figure 3. 20 molo excess PbO.

Crystalline grains could not be distinguished in figure 3(a),

and only dense clusters were seen and their scale was abouitoms. The plane distance and orientation of clusters

1 um. Further inspection found that the dense clusters weredifierent from those of the PLT films.

is about 50-60 nm. of the PLT film can readily be seen in figure 4(f), but it is not
Figure 4 shows cross section HRTEM images of the 3 prefect crystal. A cluster of interstitials or vacancies can be

PLT thin film with 20 mol% excess PbO deposited on the seen in lattice images. Such clusters can be well described

PYTi/SIO,/Si substrate. The PLT thin film has a flat a5 dislocation rings, and then they should be considered as
surface. The thickness of the PLT films is abou.fn. one- or two-dimensional defects.

The multilayered structure is clearly observed. The interface
between the Si and the Sitayers is very sharp (figure 4(a)).
The Ti layer grew in a texture mode (figure 4 (b)). However,
the Ti/SiO, and Ti/Pt interfaces are not sharp. Meanwhile, Table 1 shows the EPMA results of the compositions of the
the interface between the Pt layer and the PLT thin film is PLT10 films with different excess PbO concentrations. The
not sharp either (figure 4(d)). The Pt layer has an interface measured Pb/Ti ratios for the PLT10 films with higher than
because the deposition process was stopped in the middle and0 mol% excess PbO are larger than 0.923, which is the
then restarted (figure 4(c)). calculated ratio without excess PbO according to the formula
Figure 4(d) shows that there is transition area betweenin section 2. The measured Pb/Ti ratios for the films without
the PLT film and the Pt layer. The transition area has some excess PbO are smaller than 0.923. The above results suggest
clusters and the clusters were surrounded by amorphoushat after the thermal treatment at 5% the PLT10 films

00

3.3. Composition analysis
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Figure 4. The HRTEM photographs of the PLT10 film with 20 mol% excess PbO: (a) the interface of Si andI9ithe SiQ/Ti/Pt
section, (c) the Pt thin film, (d) the transition area between the PLT and the Pt layer, (f) a PLT thin film section.

Table 1. EPMA analysis results of the PLT10 thin films with different amounts of excess Pb.

at% Pb/Ti La/Ti La
Pb La Ti Original Measured Original Measured Original Measured
Pb 0 mol% 11.82 1.38 1347 0.923 0.878 0.103 0.105 0.100 0.102
Pb 5 mol% 1420 1.67 1586 0.969 0.895 0.103 0.105 0.100 0.102
Pb10mol% 12.00 1.30 12.97 1.039 0.925 0.103 0.100 0.100 0.102
Pb15mol% 12.10 1.27 12.95 1.015 0.934 0.103 0.101 0.100 0.099
Pb20mol% 12.01 1.31 12.47 1.108 0.963 0.103 0.105 0.100 0.102
Table 2. EPMA analysis results of the PLT10 thin films annealed The AES depth profile of the PLT10 film with 20 mol%
at different temperatures, with 20 mol% excess PbO. excess PbO is plotted in figure 5. We find that there is Pb
Annealing Pb/Ti La/Ti accumulation at the interface between the PLT10 film and
temperature the Pt electrode. The Pt electrode has a low tolerance for Pb,
Q) Original  Measured  Original ~Measured thus most of the Pb diffused from the film will go though
500 1.108 0.997 0.103 0.103 the Pt electrode into the Si substrate, and only a small part
550 1.108 0.963 0.103 0.105 of the Pb remains in the Pt electrode. It can be seen from
600 1.108 0.941 0.103 0.100 figure 5 that the concentration of Pb in the PLT10 films varies
;gg 1-182 g-ggé 8-182 8-385 along thickness direction. This is likely to be related to the
800 1108 0874 0103 0102 inner interfaces formed inside the films by the multi-coating

process. It seems that there is Pb accumulation at the inner
interfaces in the PLT10 films.

with higher than 10 mol% excess PbO still contain excess )
Ph. 3.4. P-E hysteresis loops

The EPMA results of the compositions of the PLT10 Au top electrodes with a diameter of 1 mm were sputtered
films with 20 mol% excess PbO as a function of the annealing onto the surface the samples by a shadow mask. A sandwich

temperature are listed in table 2. The content of Pb in the structure of Au/PLT/Pt was formed and used to measure the
films decreases with an increase in the annealing temperatureglectrical properties.

At annealing temperatures lower than 7@) the measured Figure 6 shows th&—E hysteresis loops of the PLT10
Pb/Ti ratios of the PLT10 films with 20 mol% excess PbO films with different amounts of excess PbO (0-20 mol%).
are larger than 0.923. The sine-wave voltage applied was 30 V, peak—peak. At this
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Figure 5. AES depth profiles of the PLT10 thin film with 20 mol% excess PbO.
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Figure 7. P—E hysteresis loops of the PLT10 films with 10 mol%
excess PbO at different voltages.
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Figure 6. The P—E hysteresis loops of the PLT10 films with
different amounts of excess PbO.

voltage, the films are not saturated. In figure 6(a) it can Normal and was saturated at a voltage of 80 V peak—peak, as
be seen that the normal hysteresis loop was observed in theéhown in figure 7(d). _
PLT10 films with no excess PbO, but after adding excess Pbo,  1he above results reveal that the abnormal hysteresis
the abnormal hysteresis loops appeared in the PLT films and!®0PS a@ppeared in all of the PLT thin films with excess PbO
these loops had a calabash-shape, which means that the loo&d this abnormality can be overcome by applying a higher
became narrow in the middle part. The abnormal level was poling voltage.

more severe with increased excess amounts of PbO, as seen o
in figures 6(b)—6(d). 3.5. C-V characteristics

The abnormal hysteresis loops can turn to normal For the C-V curve measurement by a HP 4192A LP
hysteresis loops by applying a higher poling voltage. Figure 7 impedance analyser, a 0.5 V sine-wave voltage at a frequency
is the hysteresis loops of the PLT10 films with 10 mol% of 10 kHz was overlapped on a dc bias voltage which scanned
excess PbO at different voltages. The abnormal level is linearly from —20 V to 20 V andvice versaat a step of
decreased with an increase of the voltage. The loop becamé.5 V and a speed of.B V s™1. Figure 8 shows th€-V
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PbO. TheC-V curve of the PLT10 with no excess PbO

was a normal two-peak curve (butterfly shape) as shown in Figure 10. C-V curves of'the PLT films with 20 mol% excess
figure 8(a). The values of the bias voltages for the two peaks PbO at different frequencies.

were nearly equal. The different heights of the peaks may

be attributed to the different interfaces of the top and bottom C—V curves with four peaks in the PLT films were caused by
electrodes with the films. For the PLT10 films with excess the addition of excess PbO. The degree of abnormality of the
PbO, the abnormal four peaks instead of the two peaks (asC—V curves was more severe with an increase in the amount
in normal case) were observed in #ieV curves, which are of excess PbO. These curves can be transformed into the
shown in figures 8(b)-8(d). In the positive scanning mode nor_mal curves byincrea_sing ofthefrequencyofthe sine-_wave
(from —20 V to 20 V), a small peak appeared before the bias whilst keeplng the amplltude_constantor/and b)_/ increasing of
voltage reached zero and the second large peak appeared e scanning ranges of the bias voltages at a given frequency.

a positive bias voltage. The height of the second peak was

larger than that of the first peak. In the negative scanning 4. Discussions

mode (from 20 V to—20 V), two similar peaks were also

found. The abnormality o€-V curves was more severe 4.1. Interrelation between abnormal P—E hysteresis

with increased amounts of excess PbO. loops and abnormalC-V curves
Measurement conditions such as frequency and biastne pasic conclusions we obtained from the section 3 about
voltage also had strong effect on the abnormality ofthé” abnormalP—E hysteresis loops and abnorm@k-V curves

curves. Figlo”e 9 gives the-V curves of the PLT10 films 516 one-to-one correspondence. They have close inter-
with 20 mol% excess PbO at different scanning ranges of rg|ationship and are the reflection from two different aspects
the bias voltage. At the scanning rangedes V, the C-V about the reversal process of the ferroelectric domains in the

curve was abnormal, with distinct four peaks (figure 9(a)). p1 and PLT films with excess PbO under an electric field that
The degree of abnormality decreased with an increase of thejg pejow the normal poling field.

scanning range of the bias voltage. The nord@al’ curve Figure 11 gives an example a norm@-V curve and
with two peaks was observed at the scanning range2siV.  p_r: hysteresis loop of the PLT films with no excess PbO.

(figure 9(b)). Figure 10 shows ti@-V curves of the PLT10  The p_E hysteresis loop indicates that the relationship
films with 20 mol% excess PbO at different frequencies. The petween the polarizatio®® and the electric fieldE is

C-V curve was abnormal ata frequency of 10 kHz, as shown nonjinear. FromD = ¢oE + P, we haves = dD/dE =

in figure 10(a) and can be changed to a normal curve by .. + dP/dE ~ dP/dE (the last equation is valid for

increasing of the frequency (as shown in figure 10(b) at a the PLT films). In ourC—V measurement, a sine-wave

frequency of 100 kHz). voltage of 0.05 V and 10 kHz was overlapped on a dc bias
Summarizing the measured results of th@-V voltage of+20 V and the measured dielectric constants are

characteristics, we may get following facts: the abnormal reversible values. The reversible dielectric constants are
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y T T y From the point view of mathematics, the line segment
(a) A B CBD inthe P—E loop corresponds to the line segmer8®’
in theC-V curve. The points Aand B are maxims of the.
Because of ~ dP/dE,wehaved/dE = d*P/dE? = 0,
so the points A and B are the two knees of the function
P = P(E). Inthe segment CBD, there aré®l/ dE? > 0
in the segment CB and@/ dE? < 0 in the segment BD. In
L . the segment DAC, there aré B/ dE? < 0 in the segment
DA and P/ dE? > 0 in the segment AC.

Figure 12(a) shows the abnorm&hV curve of the
C D' PLT films with excess PbO. There are two peaks &Bd
C) and one trough (D) in the positive scanning process
from point A’ to point E, which means that there should
be three extremities. At the points,BZ and D, we have
. . de/dE = d?P/dE? = 0. Based on the above analysis,
Apphed DC Field (KV/Cm) there should be three knees in the poling process from point
A to point E of the P—E hysteresis loop in figure 12(b).
As the points Band D are maxima, and the point' & a
minimum, &/ dE = d?P/dE? > 0 in the segments AB
b and CD and d/dE = d?P/dE? < 0 in the segments BC
and DE. So the segments AB and CD are concave-up and
- the segments BC and DE are convex. A similar analysis can
R be used for the negative scanning process from pdino E
point A’ in the C—V curve. TheP—-E hysteresis loop can
be drawn according to above analysis, which is shown in
figure 12(b). This curve is very similar to the—E curve
of the PLT10 films with excess PbO, as shown in figure 8.
Now we have proved from mathematical analysis that the
abnormalC—-V curve with four peaks is consistent with the
abnormal calabash shape of theE hysteresis loop.

€

Dieletric constant

Polarization ( p Clent)

Applied Electric Field (KV/cm)

Figure 11. The normalP—E hysteresis loops an@-V curves of
the PLT films with no excess PbO.

4.2. The pinning effect as an explanation of the
abnormality

The abnormalP—E hysteresis loops an@d-V curves of the

. N i PT and PLT films with excess PbO can be explained by
equal to or smaller than the differential dielectric constants at ferroelectric pinning.

the same electric field, and the differential dielectric constants
of ferroelectric materials are equal to the slope of itheE
hysteresis loop at the same electric field. Because of the
small effect of the non-reversible factor on the PLT films, the
C-V dielectric constants measured are approximately equal
to the dielectric constants from the-E hysteresis loop at
the corresponding field.

The relationship between the—E hysteresis loop and
the C-V curve of the PLT films can also been explained by
the reversal process of the domains.

For the PLT films with no excess Pb, the defects in
the grain boundaries and the interfaces between the film
and electrode do not result in the above abnormality. The
abnormality only appears in films with excess PbO and
may be the caused by the pinning effect on the ferroelectric
domains by the PbO phases formed by the excess Pb on the
domain wall, grain and cluster boundaries and interfaces,
which act as pinning centres.

The composition analysis shows that when the annealing

The P—E hysteresis loop gives the polarization of the temperature is 55, the mea;sured PO/TI ratio in PLT10
ferroelectric films as a function of the electric field. For the films with higher than 10 mol% excess PbO is larger than

films as deposited by the MOD process, the orientation of 05923; when(;h:bil?.neqlir)g ;epri)grfﬁture i.srl]o;/\éer thlga/rfwo
the domains is usually random. Under the applied field, re- the measure iratioin ims wit MOI~o EXCESS

orientation of the domains mostly occurs around the coercive PbO i.s larger than 0.923. This means that these films still
field of the films and leads to the largest change of the contain EXCESS Pb. ) )

polarization. The A and B points in th@—E loop in According to the results of AES depth profile analysis,
figure 11(a) correspond to the And B points in theC—V there is Pb accumulation at the film/bottom electrode
curve in figure 11(b), and the two point$@nd B correspond interface and the HRTEM image shows that there is a

to the maximum dielectric constants. Atthe points Cand Din transition area at the film/bottom electrode interface where
the P—E loop, most domains have been re-orientated under SOMe clusters are found. These clusters may be PbO spheres.

the electric field and there is little change of the polarization, ~ The cluster of interstitials or vacancies in crystalline
so these two points are correspondent to the poiné@ D grains of the PLT film with 20 mol% excess PbO can be seen
in theC-V curve. in lattice images. The cluster of interstitials may be caused
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Figure 13. Schematic diagram of the nucleation and growth
N model for (a) stoichiometric PLT films and (b) PLT films with
excess Pb.

interstitials because the perovskite phase has a tolerance for
the Pbions. Meanwhile, the clusters of interstitials may cause
more oxygen vacancies in the PLT grains. Another part of it
emerged in the inerface of grains and clusters in form of PbO
phase. The rest of the excess Pb possibly diffuses into the
interface between the film and the bottom electrode to form
a PbO layer, which also has pinning effects on the domains.
The pinning effect of the PbO phase and vacancies resulted in
the abnormality of th&®—FE hysteresis loops and-V curves

of the PLT thin films with excess PbO.

Polarization ( n C/cnt)

Applied Electric Field (KV/cm)

Figure 12. The abnormalP—E hysteresis loops an@d-V curves
of PLT10 with 10 mol% excess PbO.

4.3. Explanation experimental results

Pbions remain in the grains and diffuse to the boundaries and
interfaces during the nucleation and growth of the perovskite
grains in the PLT films. The Pb ions which diffuse to the

by excess Pb in the films. The cluster of vacancies may interface between the film and the bottom electrode may

be_ rel_ated 0 oxygen vacancies. _Oxygen vacancie_s u_suallystay in the form of the PbO phase, while the PbO ions
e>_(|st in the perovskite structl_Jre f"”.‘.s- For_ PLT thin films which diffuse to the surface of the films may evaporate. The
with excess PbO, a group of intersitial Pb ions may absorb .o ntration of the PbO layer in the interface between the
oxygen ions at some normal lattice sites to form PbO due 10 ) an the bottom electrode was greater than that between
electric neutrality, and thus result in the greater number of o fim and the upper electrode, and this resulted in the
oxygen vacancies in the PLT films with excess PbO than in yiterent pinning forces at the bottom and upper interfaces.
the PLT film with less PbO. So that theP—E loops had a shift at the electric field axis and
After slight modification, the model of the nucleationand e greas of the upper part and lower part of the calabash-
growth of the perovskite PZT films can be used to describe shapedP—E loop were not same.
the formation process of the PbO phase as pinning centres According to Coulomb’s law, with an increase of
in the PLT films with excess PbO [14]. The nucleation the distances from the domain wall, the crystalline grain
and growth of perovskite phase occurrs directly during the poundaries, cluster boundaries and the interfaces between the
thermal process in the PLT films with no excess Pb, as fjim and the electrode, the Coulomb force to the ferroelectric
shown in figure 13(a). While for the PLT films with excess domains decreases.
PbO, because the perovskite phase has a limited tolerance  with increasing amounts of PbO, the clusters,
for excess Pb ions (usually within 1-2 mol% Pb tolerance) interstitials or vacancies of grains and PbO phase of the
[14], excess Pb ions would be rejected out by the perovskite grain boundaries may increase and the pinning effect on the
phase during the nucleation and growth process which isferroelectric domains also increases. So that we observed the
illustrated in figure 13(b). According to the thermal analysis abnormal level of the?—E loops andC—V curves increased
in section 3.1 and the composition analysis in the section 3.3, with increasing amounts of excess PbO.
there was no obvious Pb loss when the annealing temperature  The abnormaP-E hysteresis loop can be changed to the
was lower than 600C, and a large part of the excess Pb still normal-type loop with an increase of the poling voltage and
remains in the PLT films. Some of the excess Pb emergedthe C-V curves can be changed from abnormal four peaks
in the grains in form of small clusters, which consist of to normal two peaks with an increase of the bias voltage.
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