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Effects of precursor solution concentration on dielectric
properties of (Pb, La)(Zr, Ti)O, antiferroelectric

thick films by sol-gel processing
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Abstract: Pby o7 Lay o2 Zr 05 Tiy s O; (PLZT) antiferroelectric thick films derived from different precursor solution concentra-
tions are prepared on platinized silicon substrates by sol-gel processing. The films present polycrystalline perovskite structure
with a (100) preferred orientation by X-ray diffraction (XRD) analysis. The antiferroelectricity of the films is confirmed by
the double hysteresis behaviors of polarization and double-bufferfly response of dielectric constant under the applied electri-
cal field. Antiferroelectric properties and dielectric constant are improved while the polarization characteristic values are re-
duced with the increase of precursor solution concentration. The films at higher precursor solution concentration exhibit ex-

cellent dielectric properties.
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Antiferroelectric materials display the different
electric-field induced phase transformations from
antiferroelectric to ferroelectric (AFE-FE) for the
unique microstructure, and the phase transition pro-
cess can be induced by the temperature and stress.
In fact, compared with other antiferroelectric thin
films or antiferroelectric ceramic, lead lanthanm
zirconate titanate antiferroelectric thick films hold
the properties, such as simpler composition, easier
preparation and lower price. Antiferroelectric ma-
terials have the potential applications in energy stor-
age, high-strain transducers/actuators and tunable
pyroelectric thermal sensors due to the remarkable
change of polarization, strains and current during
the AFE-FE transition. In recent years, there are
many reports on AFE materials, such as (Pb, Zr)O;
(PZ), (Pb, La)(Zr, Sn, Ti)O;(PLZST) and PbNb
(Zr, Sn, Ti) O;(PNZST)""*". (Pb, La)(Zr, Ti)Os
antiferroelectric materials are a kind of typical anti-
ferroelectric system, but the research on this kind of
antiferroelectric thick films is relatively less. (Pb,
La)(Zr, Ti)O; thick films which possess lower driv-
ing voltage, higher renitency strength, larger stor-
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age energy and smaller volume have shown great po-
tential in the areas of high charge storage devices,
microelectronic and micro-electromechanical sys-
tems (MEMS) with the development of the fabrica-
tion technology™' .

There are many ways for the preparation of (Pb,
La)(Zr, Ti)O, antiferroelectric thick films, such as
the sol-gel method (Sol-Gel), sputtering ( Sputter-
ing) and pulsed laser deposition (PLD)""", and so
on. Sol-gel processing has advantages such as low
cost, excellence in composition control even for
multiple-cation systems, homogeneity with large ar-
ea coverage, capability of building up films with
several micrometers thick, and compatibility with
many semiconductor-fabrication technologies' ',
hence, most antiferroelectric films for heterogenous
integration are prepared by sol-gel processing. The
precursor solution, catalyst, complex agent, drying
control agent and so on are the important factors of
sol-gel processing. One precursor solution is the ba-
sis of high quality antiferroelectric films produc-
tion. The effects of precursor solution concentration
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on microstructure, density and electrical perfor-
mance for antiferroelectric films are great.

In this paper, Pby o Lag g, Zrg o5 Tiy s O3 (PLZT)
antiferroelectric thick films were fabricated on
Pt(111)/Ti/SiO,/Si(100) at different precursor solu-
tion concentrations of 0.3 mol/L, 0.4 mol/L and
0.5 mol/L, respectively, via sol-gel processing. The
effects of precursor solution concentration on the
structure, phase transformation behaviors and elec-
tric properties of the films were investigated.

1 Experimental details

PLZT antiferroelectric thick films were prepared
by sol-gel method on Pt(111)/Ti/Si0,/Si(100) sub-
strates. The raw materials were lead acetate tri-
hydrate [ Pb(CH;COO),-3H,0], lanthanum acetate
[La ( CH;-COQO ); ], zirconium propoxide [ Zr
(OC;H; ), ] and titanium isopropoxide [ Ti [ OCH
(CH; ), ], 1. Acetic acid was selected as a solvent.
According to the predetermined number, lead ace-
tate trihydrate with 10% excess to compensate Pb
loss, lanthanum acetate hydrate and acetic acid
mixed in needed ratio was distilled at 110 C for 1 h.
When the mixed solution was cooled to room tem-
perature, zirconium propoxide and titanium iso-
propoxide were added and mixed for 30 min. At the
same time, distilled water was added in order to sta-
bilize the solution. Lactic acid was added into the
solution as catalyzer and chelation in the proportion
of one mole of lactic acid to one mole of lead. Fi-
nally, the solution was adjusted to 0. 3 mol/L,
0.4 mol/L and 0.5 mol/L (samples A, B and C) us-
ing the acetic acid. Then PLZT thick films were
grown on Pt/Ti0O,/SiO,/Si substrates by spin-coating
method. A lead oxide buffer layer prepared from
lead acetate trihydrate was deposited on the plati-
num electrode by annealing at 700 C for 30 min.
Each PLZT layer was spin coated at 3 000 rpm for
20 s and pyrolyzed at 300 C and 600 C for 10 min,
respectively. The spin coating and heat-treatment
were repeated several times to obtain the desired
thickness. At last, a capping layer of lead oxide was
added to prevent Pb from volatilization and the
films were annealed at 700 C for 30 min to form the
perovskite phase. The final thicknesses of all the
films were obtained about 1 215 nm from Fig. 1.
Gold pads of 0.50 mm in diameter were obtained on
the film surface as top electrodes by DC sputtering
for electrical measurement.

The phase characterization and microstructure of
PLZT thick films were examined by Bruker DS ad-
vance X-ray diffractometer and atomic force micro-
scope (AFM), respectively. The field-induced hys-
teresis loops of the PLZT thick films were tested by

a modified Sawyer-Tower circuit. The temperature
and field dependent dielectric properties of the
PLZT thick films were measured by an Agilent
4284A LCR meter.
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Fig.1 Cross-section SEM images for PLZT thick films

2 Results and discussion

XRD patterns of PLZT antiferroelectric thick
films are shown in Fig.2.
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Fig.2 XRD patterns of PLZT antiferroelectric thick films
with different precursor solution concentrations

It is clearly seen that all the films are polycrystal-
line perovskite structure and present highly pref-
erred-(100) orientation. The (100)-preferred orien-
tation of the films can be caused by the presence of
(001)-oriented PbO buffer layer. The (001)-orient-
ed PbO crystals on the surface of the platinum elec-
trode provide nucleation sites for the overlaid PLZT
films and enhance the formation of their (100) ori-
entation'? . In order to study the effects of precur-
sor solution concentration on the orientation of
thick films, the (100 )-orientation factor was de-

scribed by the following equation'"

Orientation factor = 1(100)
1(100) + I(110) + I(111)"

(1)
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According to Eq. (1), the (100) orientation fac-
tor of the thick films were 0.85, 0.88 and 0.92, re-
spectively, which indicates that (100)-preferred ori-
entation increases with the increase of precursor so-
lution concentration. Highly preferred-(100) orien-
tation means that the nucleation of the PLZT films
is weakly controlled by the substrate effect " .

Fig. 3 shows the surface morphology of PLZT an-

tiferroelectric thick films with different precursor

solution concentrations.

From Fig. 3, it can be seen that the films are
smooth, dense and uniform with average grain sizes
of about 80 nm, 120 nm and 200 nm, respectively,
which suggests that all the films are of good quali-
ties. The grain sizes and the density of the films
grow with the increase of the precursor solution
concentration, which exactly accords with the en-
hanced trend of the orientation.

Fig.3 AFM images of PLZT antiferroelectric thick films at different precursor solution concentration

Fig. 4 shows the polarizations (P-E) loops of
PLZT antiferroelectric thick films at different pre-
cursor solution concentrations, which were mea-
sured at the frequency of 100 Hz and with a maxi-
mum applied voltage of 60 V.
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Fig. 4  Hysteresis loops of PLZT antiferroelectric thick
films at different precursor solution concentrations

The P-E loops of the films which display typical
double hysteresis loop are square-like, representing
an abrupt change in polarization and a sharp phase
transition between AFE and FE phases. The switch-
ing field could be obtained by two steepest sections
of the hysteresis loops and the corresponding values
are determined by the intersections of the slope and
the horizontal axis. The forward AFE-FE phase
transition fields and backward FE-AFE phase transi-
tion fields are 162 kV/cm, 186 kV/cm, 209 kV/cm
and 73 kV/em, 95 kV/cm, 117 kV/cm, respective-

ly. Obviously, AFE-FE (EF) and FE-AFE (EA)
phase transition fields gradually increase with the
increase of concentration. This can be attributed to
the higher film density'™ . However, the saturation
polarization ( P,,,) of the films are 56 pC/cm® ,
47 pClem’ and 38 pCl/em’, as the precursor solution
concentration increases from 0.3 mol/L  to
0.5 mol/L. Additionally, unlike antiferroelectric
ceramic blocks (the residual polarizations are zero) ,
there are a! small amount of remnant polarization
(Pr) in the samples which might be due to leakage
current and substrate stress, decreasing with in-
creasing concentration. The reduction of P, and
P, may be result from combinative effects of (100)-
preferred orientation and lattice distortion™*' .

The dielectric constant and loss of PLZT antifer-
roelectric thick films in DC field are shown in
Fig.5. The mode of measurement was conducted in
this way: 0 to E,,, then E,to —E ., and — E,,
to 0. The test frequency was 100 kHz.

It can be seen from Fig. 5 that the films present
double-butterfly C-V curves. The phase transition
field equates to the electric field corresponding to
the peak of dielectric constant. The forward AFE to
FE and reverse FE to AFE transition ficlds are
about 192 kV/cm, 204 kV/cm, 223 kV/cm and
123 kV/em, 133 kV/em, 149 kV/cm for sample A,
B and C, respectively (Fig.5(a)). The increasing
phase transition fields show more stable antiferro-
electricity of the films at higher concentration. The
results demonstrate that the forward and reverse
switching fields from the C-V analysis are in close
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agreement with the P-E measurements on the same
sample. Difference of these measured data on C-V
and P-E curves may result from two different mea-
surement mechanisms. The increase in dielectric
constant and decrease in dielectric loss (Fig. 5(b))
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of the films can be easily related to the variation of
film density and grain sizes at ascending precursor
solution concentration. That is because rising grain
sizes reduce the volume fraction of grain boundaries

and make the domain wall motion easier' "’ .
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Fig.5 Dielectric constant and dielectric loss of PLZT antiferroelectric thick films at different precursor solution concen-

trations as a function of DC field

Fig. 6 shows the dielectric constant and dielectric
loss of PLZT antiferroelectric films at different pre-
cussor solution concentrations, as a function of tem-
perature under the frequency of 1 kHz. The phase
transition about AFE to paraelectric (PE) but no
AFE-FE is observed during the heating process. It
can be seen that the Curie temperature was 217 C,
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221 C and 223 C, respectively (Fig.6(a)). The ti-
ny shift in Curie temperature could be explained by
rising stress along with film density. As expected,
the dielectric constant increases, but loss decreases
as precursor solution concentration changes from
0.3 mol/L to 0.5 mol/L (Fig. 6 (b)), which also
owes to the increase in film density and grain sizes.
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Fig. 6 Temperature dependence of dielectric constant and dielectric loss of PLZT antiferroelectric thick films at different

precursor solution concentrations

3 Conclusion

PLZT antiferroelectric thick films of about
1.2 pm at different precursor solution concentra-
tions were deposited on Pt (111)/Ti/SiO,/Si (100)
substrates by the sol-gel processing. The dependence
of microstructure and electrical properties as a func-
tion of precursor solution concentration (0.3 mol/L,

0.4 mol/L and 0.5 mol/L) was observed in these
films. The results indicate that all the films exhibit
good quality with a (100)-preferred orientation and
the orientation can be enhanced with the increase of
the concentration. The P-E hysteresis loops of
square-like illustrate that the antiferroelectric films
are suitable for energy storage capacitor and high-
strain transducers/actuator applications. Dielectric
properties show that higher precursor solution con-
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centration enhances the phase transition field and
dielectric constant while reduces the dielectric loss,
the saturation polarization and remnant polariza-
tion, which can be attributed mainly to in terms of
crystallographic orientation, film density and grain
sizes.
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