JOURNAL OF MATERIALS SCIENCE 36 (2001) 3565—-3571

Microstructure and electrical properties of
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High-quality (Pb, La)TiO3 ferroelectric thin films were successfully prepared on a
Pt(111)/Ti/SiO,/Si(100) substrate for the first time by spin coating, using the polymeric
precursor method. The X-ray diffraction patterns show that the films are polycrystalline in
nature. This method allows for low temperature (500° C) synthesis, a high quality
microstructure and superior dielectric properties. The effects on the microstructure and
electrical properties were studied by changing the La content. The films annealed at 500°C
have a single perovskite phase with only a tetragonal or pseudocubic structure. As the La
content is increased, the dielectric constant of PLT thin films increases from 570 up to 1138
at room temperature. The C-V and P-E characteristics of perovskite thin films prepared at a

low temperature show normal ferroelectric behavior, representing the ferroelectric
switching property. The remanent polarization and coercive field of the films deposited
decreased due to the transformation from the ferroelectric to the paraelectric phase with an
increased La content. © 2001 Kluwer Academic Publishers

1. Introduction

Much attention has recently focused on ferroelectric
thin films because of their possible applications in non-
volatile random access memory (NVRAM) devices, py-
roelectric infrared (IR) sensors, and dynamic random
access memories (DRAM) [1-5]. Among the ferroelec-
tric perovskite oxides (ABO3), Pb;_,La, TiO3 (abbre-
viated as PLT) is a perovskite-type ferroelectric ceramic
in which La™3 ions are substituted for Pb*2 ions. In bulk
PLT, it is known that the capacitance increases and the
remanent polarization decreases as the La content [6]
is increased. The electrical properties of PLT thin films
are also known to be dependent on the La content. An
appropriate control of compositions within this system
allows for a wide range of dielectric and ferroelectric
properties. Moreover, since PLT films have reasonable
coercive fields and switchable remanent polarization
according to the La doping concentration, they may
serve as an alternative material for PZT in NVRAM
applications [7, 8].

PLT thin films have been produced mainly by sput-
tering [9—11], multiple cathode sputtering [12], sol-gel
[13—15], chemical vapor deposition [16], and metal
organic chemical vapor deposition (MOCVD) [17].
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While high-quality ferroelectric thin films have been
prepared using both approaches (physical and chemi-
cal methods), solution deposition methods offer a num-
ber of significant advantages over physical deposition
methods. Most notably, solution deposition allows not
only for close control of chemical composition and sto-
ichiometry but also for uniform incorporation of mi-
nor dopants. Moreover, solution deposition is relatively
fast, inexpensive, and compatible with standard semi-
conductor processing procedures. Among the several
chemical solution deposition methods, the sol-gel tech-
nique has been widely used for the production of PLT
thin films with various compositions. However, some
of the disadvantages of many of the available metal
alkoxides in methoxyethanol solvent for thin film appli-
cations are their extreme reactivity toward atmospheric
moisture and the limited crack-free thickness of thin
film.

In this work, the chemical solution deposition
method, known as the “polymeric precursor method”
(PPM) [18-22], has been studied for the first time for
the production of PLT thin films containing 0, 13 and
27 mol% concentration of lanthanum. Lee er al. [23] re-
cently reported the preparation of BaTiOj3 thin films by
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polymeric precursor method. This method offers ad-
vantages over the sol-gel method, mainly because it
uses water as the solvent and presents high stability to-
ward atmospheric moisture. In this study, the effects
of La doping are described using “polymeric precur-
sor method” on the surface morphology and electrical
properties. The frequency dependence of the dielectric
constant, P-FE hysteresis loop, and capacitance-voltage
(C-V) characteristics for PLT thin film capacitors
with metal-ferroelectric-metal configuration are also
studied.

2. Experimental procedure
Lead (II) acetate trihydrate (Pb(CH3COO),-3H,0),
Lanthanum oxide (La,O3;) and Titanium (IV) iso-
propoxide (Ti(OCH(CHj3),]4 were used as starting ma-
terials. Ethylene glycol and citric acid were used as
polymerization/complexation agents for the process.
Ammonium hydroxide was used to adjust the pH and
to prevent lead citrate precipitation. The procedure for
the preparation of a PLT sol is outlined in the flow chart
in Fig. 1. The raw materials used for PLT synthesis, as
well as the sources, are described in Table 1.
Following the flow chart shown in Fig. 1, titanium
citrates were formed by the dissolution of titanium IV
isopropoxide in a water solution of citric acid (60°—
70°C). After homogenization of the Ti-citrate solution,
at a concentration of (0.0084 mol/L), a stoichiomet-
ric amount of (Pb(CH3COO),-3H,0) was dissolved in
water and soon thereafter added to the Ti-Citrate so-
lution while it was stirred slowly until a clear solution
was obtained. In the case of the 13 and 27 mol% of lan-
thanum solution, LLa,O3 was first dissolved in a nitric
acid solution (10/90) and was later also added gradually
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v v
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Figure 1 Flow-chart illustrating the procedure for the preparation of
PLT solution and film production.
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TABLE I Raw materials used in the PLT synthesis

Material Source Purity

Lead (II) acetate trihydrate Aldrich Chemical 99.9%
(Pb(CH3COO0),-3H,0)

Lanthanum oxide (LayO3) Riedel de Haen A. G. 99.999%

Titanium (IV) isopropoxide Riedel de Haen A. G. 99.999%
(Ti(OCH(CH3)214)

Ethylene glycol E. Merck 99.9%

Citric acid E. Merck 99.9%

to the Pb-Ti-citrate solution. To achieve total dissolu-
tion of the cations (Pb and La), ammonium hydroxide
was added drop by drop until the pH reached 7-8. The
complete dissolution of the salts resulted in a clear so-
lution.

After homogenization of the solution containing the
Pb and La cations, ethylene glycol was added to pro-
mote mixed citrate polymerization by polyesterification
reaction. With continued heating at 80-90 °C, the so-
lution became more viscous, without any visible phase
separation. The molar ratio among the Lead-lanthanum
and titanium cations was 1:1, the citric acid/metal mo-
lar ratio was fixed at 1.00, and the citric acid/ethylene
glycol ratio was fixed at 60/40 (mass ratio). The viscos-
ity of the deposition solution was adjusted at 30 mPa-s
by controlling the water content.

Pt(111)/T1/S10,/Si(100) wafers were used as sub-
strates. The substrate was spin-coated by dropping a
small amount of the polymeric precursor solution onto
it. Rotation speed and spin time were fixed at 4800 rpm
and 20 s, respectively. After deposition, each layer was
dried at 150°C on a hot plate for 20 min to remove
residual solvents.

The heat treatment was carried out in two stages: ini-
tial heating at 350°C for 4 h in oxygen at a heating rate
of 2°C/min to pyrolyze the organic materials, followed
soon thereafter by heating at 500°C for 4 h in oxygen
to crystallize them. Film thickness was controlled by
adjusting the number of layers and each layer was py-
rolyzed at 350°C and crystallized at 500°C before the
next layer was coated. Four layers were used in this
study.

The PLT films were characterized in terms of struc-
ture using X-ray diffraction (XRD) (Fe K« radia-
tion). The diffraction patterns were recorded on a
Siemens D5000 machine in a 626 configuration, using
a graphite monochromator. Microstructural characteri-
zation was performed by scanning electron microscopy
(SEM) (Zeiss, DSM940A). The film thickness was
measured by a thin film cross-section analysis made
by SEM. Atomic force microscopy (AFM) was used
to obtain a 3D-image reconstruction of the sample sur-
face. These images allow for an accurate analysis of the
sample surface and the quantification of very important
parameters such as roughness and grain size. A Digital
Instruments Multi-Mode Nanoscope Illa was used.

To carry out the electrical measurements, 0.3 mm
diameter Au electrodes were deposited by sputter-
ing through a designed mask onto the film surfaces
(areaof 1 cm x 1 cm) to form metal-ferroelectric-metal



capacitors (MFM). The dielectric properties were mea-
sured as a function of frequency using a Hewlett-
Packard (4194A) impedance/gain phase analyzer.

The capacitance-voltage characteristic was measured
for MFM configuration using a small AC signal of
10 mV at 100 kHz. The signal was applied across the
sample, while the DC electric field was swept from
positive bias to negative bias and back again to posi-
tive bias (C-V curves). Dielectric constant and dissipa-
tion factor values were measured at a frequency range
of 100 Hz-10 MHz in a range of 280-380 nm thick
films. Hysteresis loop measurements were carried out
on the films with a Radiant Technology RT6000HVS.
Hysteresis loops were traced by means of the program
Charge included in the software of the RT6000HVS in a
virtual ground mode test device. All the measurements
were taken at room temperature.

3. Results and discussion

3.1. Crystallographic structure

Fig. 2 shows the diffraction patterns of the PLT films
with various La contents grown on Pt/Ti/SiO2/Si sub-
strates after heat treatment at 500°C for 4 h. A poly-
crystalline thin film can be observed in the pattern.
The PLT films have a stable perovskite phase, and no
other phases were observed. The film without La dop-
ing, i.e., PbTiO3; (PLT(0) abbreviated), has (001)/(100)
and (002)/(200) peaks which can be distinguished from
each other. Interestingly, a peak splitting of (001)/(001)
was observed for the peaks from the PLT (13) films. The
splitting that was observed indicates that these films
present a c¢/a ratio close to 1.00 (pseudocubic struc-
ture). The tetragonality (c/a ratio) of the PLT films
decreased with increasing La content. These results
suggest that the phase transformation from a tetrag-
onal to a cubic perovskite structure will occur as the
La content increases at room temperature. The lattice
constants calculated for PLT(0), PLT (13) and PLT (27)
werea =0.3915nmand ¢ =0.4105nm,a =0.3923 nm
¢=0.4104 nm, and a =0.3926 nm, respectively. The
lattice strain c¢/a =1.048 (PLT(0)) and c/a =1.046
(PLT(13)) are smaller than c¢/a =1.063 of the bulk
specimen. The values reported here are similar to those
reported by Maeda et al. [24] and by Lee et al. [25].
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Figure 2 X-ray diffraction patterns of PLT thin films with various La
content.

3.2. Surface morphology and
microstructure

The microstructural evolution of PLT (0, 13 and 27
mol% La) films deposited on Pt coated silicon sub-
strates and heat treated at 500°C is shown in the two-
dimensional AFM images in Fig. 3. AFM imaging
was carried out in the contact mode, using a triangular
shaped 200-micron long cantilever with a spring con-
stant of 0.06 N/m. The scanning rate varied from 1 to 2
Hz and the applied force from 10 to 50 nN, depending
on the sample/tip interactions. The surface roughness
(rms) was calculated using the equipment’s software
routine. As shown in Fig. 3, the surface morphologies
of PLT films were characterized as smooth surface, and
dense and crack-free microstructure, whose surface mi-
crostructure is strongly dependent on the La content.
The root mean square surface roughness of the films
decreased with increasing La content, changing from
3.6 nm for PLT (0%) to 1.3 nm for PLT (27%) film.
These values are an improvement over those reported
by Lee et al. for PLT thin films obtained by the sol-gel
technique.

The average grain in the PLT (0%) film was uniform
in size (=110-120 nm), with a rounded shape. The
average grain size for the La doped PT was significantly
smaller, consisting of the small grains in PLT (27%)
film, round in shape and uniform in size (=50—60 nm).
The behavior observed here is consistent with other
results for PLT thin films obtained by other techniques
[16,25]. Film thickness ranged from 280 to 380 nm
(SEM analysis) were obtained.

3.3. Electrical properties of PLT thin films
deposited at 500°C

The effects of La content on the ferroelectric proper-

ties of PLT thin films were investigated studying the

frequency influence over the dielectric constant, P-E

hysteresis loop, and capacitance-voltage (C-V') charac-

teristics at room temperature.

Fig. 4 shows the dependence of the dielectric constant
and dielectric loss in a frequency range of 100 Hz to
10 MHz for the 0, 13, and 27 mol% of La. It can be seen
that the dielectric constant increased with the increased
La content, varying from 570 for PLT (0 mol% of La) to
1138 for PLT (27 mol% of La) thin films. These values
are better than those reported by Lee et al. [25] for PLT
thin films obtained by the sol-gel technique with an La
content close to the films reported in this work. Also,
Wang et al. [26] reported PLT thin films obtained by
the Diol-Based sol-gel process, in which the dielectric
constant values were about 50—110 to 900 nm thickness
obtained by 4-layers and heated at 700°C, with an La
content ranging from 0-20 mol%.

Table II shows some of the results for PLT thin films
prepared by other techniques. The dielectric constant
is defined as a coefficient of charge variation accord-
ing to the change of an applied electric field, so that
it is dependent on the velocity of dipole movement.
Therefore, as the La content increases, the dielectric
constant increases. This increase may be explained by
the fact that the vacancy concentration increases with
increasing La content. Since La ions occupy the Pb
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Figure 3 Two-dimensional AFM surface image of PLT thin film annealed at 500°C; a) PLT (0), b) PLT (13), and c¢) PLT (27) (scan 2 um X 2 ;zm)
(Continued).
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Figure 3 (Continued).

TABLE II Electrical properties of PLT film according to literature

Dielectric
Processing  Composition ~ Constant ~ Thickness  Deposition
Temp. °C of Lacontent 100 kHz nm Method
600 PLT(12) 550 280 Sol-gel [25]
600 PLT(28) 850 280 Sol-gel [25]
600 PLT(0) 150 280 Sol-gel [25]
650 PLT(15) 550 480 Sol-gel [27]
650 PLT(28) 750 480 Sol-gel [27]
540 PLT(17) 246 630 Sputtering [9]
650 PLT(15) 210 1000 Sol-gel [28]
540 PLT(10) 240 1000 MOD [29]
500 PLT(0) 570 380 This study
500 PLT(13) 977 330 This study
500 PLT(27) 1138 280 This study

sites in the lattice, site relations should be maintained;
thus, the donor (Lag, ) charge must be balanced by an
equivalent negative charge of cation vacancies, lead va-
cancies and/or titanium vacancies (V;,b, V%) that will
be created in the perovskite lattice. The reactions can
be represented as:

3TiO, + LayO3 — 2Lag, + Vp, + 3Tin + 90, (1)
3TiO, + 2La,03 — 4Laf, + 3Tig 4+ Vi 4+ 120, (2)

As the Pb or Ti vacancy concentration increases, atom
transference becomes easier, allowing the domain mo-

24004 —@—PLT-0 1
{1 —0—PLT-13 Hos9
2100~ —m—PLT-27 1

Emoo— 407
o 4 @0
§1soo— H08 g
o 1 Josg
51200 q B
% 900: 1 0-4'2
la}

600

1l
e o
[

300 o

Frequency (Hz)

Figure 4 Dielectric constant and dielectric loss as a function of fre-
quency for PLT thin films heat treated at 500°C with various La content.

tions to be produced by a smaller electric field, which
results in an increased dielectric constant. This phe-
nomenon is attributed to the increased velocity of dipole
movement due the creation of vacancies in PLT films.
Another hypothesis for the increase of the dielectric
constant is related to the effect of decreasing Curie tem-
perature (T) with increasing La concentration, from
T. =490°C (PLT(0)) to T, =25°C (PLT(27)). Fig. 5
shows the variation of dielectric constant in PLT thin
films with an La content.
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Figure 5 Dielectric constant and dielectric loss of PLT thin films as a
function of La content.
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Figure 6 C-V characteristics of the PLT thin films with various La con-
tent.

Fig. 6 shows the C-V characteristics of PLT films.
The symmetric curves centered at the zero bias axis in-
dicate that the films contain few movable ions or charge
accumulation at the film and electrode interface. Sub-
stitution of La in the lattice causes a reduction of the
tetragonal distortion (c/a = 1.06, bulk specimen PT)
and decreases the ferroelectric-paraelectric transition
temperature (7;). The film with 27 mol% of La did not
present the two peaks, which characterizes spontaneous
polarization switching. In other words, the films were
in the paraelectric state; therefore, their C-V relations
were symmetric and Cpax (SWeep up and sweep down)
centered at the zero bias axis.

The dielectric constant calculated from C,,x ranged
from 573 to 1045, which agrees with the calculated
value of the dielectric constant versus the frequency
curve (Fig. 4).

Fig. 7 shows the P-E hysteresis loops of PLT thin
films with 0, 13, and 27 mol% of La at an applied
voltage of 12 V. For bulk PLT, it is known that,
as the La content increases, the ferroelectricity is re-
duced and that, above La 28%, it becomes paraelectric
[30]. The PLT (27 mol% of La) films obtained by the
polymeric precursor method in this study also show
a very slim hysteresis, with the composition near the
ferroelectric-paraelectric phase boundary. The behav-
ior observed here is consistent with that observed by
Kang and Yoon [31] for PLT thin films obtained by the
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Figure 7 Polarization versus electric field (P-E) curves of the PLT thin
films with various La content.

sol-gel technique. The remanent polarization (P;) and
the coercive field (E.) decreased from 13.62 1 C/cm? to
3.97 MC/(:m2 and from 120.63 kV/cm to 44.84 kV/cm,
respectively, with increased La content in the range of
0 to 27 mol%.

4. Conclusions

Polycrystalline Lanthanum-modified lead titanate thin
films with a perovskite structure obtained by the poly-
meric precursor method were successfully prepared
by this method onto Pt/Ti/Si0,/Si substrate. Homoge-
neous, crack-free, dense PLT thin films with uniform
thickness were produced using the polymeric precur-
sor method, heat-treated in a conventional furnace at
500°C for 4 hour in an oxygen atmosphere. The crys-
talline structure of the films annealed at 500°C presents
a single perovskite phase, changing from the tetrago-
nal to the cubic phase with increasing La content. The
microstructure of the films was strongly dependent on
the La concentration. The average grain size decreased
from 120 to 50 nm, while the surface roughness de-
creased from 3.6 to 1.3 nm as the La content was in-
creased from 0 to 27% mol La.

The electrical characteristics of the MFM capaci-
tors with PLT thin films showed excellent dielectric
and ferroelectric properties. The dielectric constant in-
creased with the increasing La contents of the films,
ranging from 570 to 1138. These values are higher
and better than the PLT thin films obtained by other
techniques, such as sputtering, and sol-gel. The C-V
characteristics of MFM capacitors showed a hysteresis
loop owing to the ferroelectric switching property. On
the other hand, hysteretic behavior decreased with in-
creasing La content, indicating relatively easier switch-
ing of the domains with increasing La content. The
remanent polarization and coercive field decreased as
a result of the phase transformation from ferroelec-
tric to paraelectric with increasing La content rang-
ing from P, =13.62 nC/em? to 3.97 C/em? and from
E.=120.63 kV/cm to 44.84 kV/cm.

The results of these studies are very promising, sug-
gesting that PLT thin films obtained by the polymeric
precursor method have excellent potential applications
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high dielectric constant capacitors and NVRAM
emories.
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