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Abstract

Sol-gel processing parameters of PbygyZr ;558137
TiysNbyy,0; thin films were studied. Effects of
H,0, HNO; and formamide additives on solution
gelation and film properties were investigated. Thin
films were prepared on Ti/Pt and Ta/Pt metallized
Si substrates. Film microsiructures were character-
ized using SEM, TEM/EDS and XPS. Film
microstructures typically contained ‘rosette’ struc-
tures. Strain response of the films under applied
electric fields was measured using a double beam
interferometer. A piezoelectric double loop was
obtained with an effective d;; as high as 60 pm V!,
being strongly AC field dependent. Double P-E hys-
teresis loops with maximum polarizations of 30 uC
cm™ were measured. Field-induced antiferroelectric to
ferroelectric phase switching was observed at 110
kV emi™! and reverse switching at 74 kV cm!. Films
prepared on Ti/Pt yielded better electrical properties.
This may be attributed to a change in nucleation/
crystallization mechanism due to Pb diffusion through
the Pt during film annealing. © 1996 Elsevier Science
Limited.

1 Introduction

The high piezoelectric coefficients of Pb(Zr,Ti)O,
(PZT) bulk ceramics' coupled with advances in
PZT thin film technology have spurred research
into development of microactuators and sensors
based on PZT thin films (e.g. micromotors,? pyro-
electric detectors®). Compositional modification of
PZT through Sn addition leads to the stabilization
of an antiferroelectric tetragonal phase at room
temperature for particular compositions*® (Xu et
al. describe this phase as an incommensurate
orthorhombic one®). Because of the small free
energy difference between the antiferroelectric and
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ferroelectric phases for compositions near the
phase boundary, antiferroelectric to ferroelectric
phase switching can be achieved upon application
of an electric field.”' It is particularly interesting for
thin films where the required fields are obtained
by applying small voltages. These materials exhibit
the characteristic double hysteresis loop of antiferro-
electrics. The large volume change associated with
the phase transformation is high enough to be
used for microactuators.!?

Several methods are currently employed for the
deposition of thin ceramic layers on substrates,
including metal organic chemical vapour deposition
(MOCVD),!! physical vapour deposition (PVD),
and wet chemical techniques such as sol-gel methods
(using dip or spin coating). By PYD and MOCVD
it is possible to grow thin films in situ; however the
capital and operation costs are high and the systems
are complex. On the other hand, sol-gel deposition
offers a cost-effective approach. Using sol-gel
techniques, film composition can be changed easily,
to allow for the addition of dopants, for example.
However, the crystallization of the films is ex situ,
thus requiring efficient nucleation to obtain con-
trolled microstructures and reproducible properties.

During the crystallization of amorphous sol-gel
films, the properties of the substrate play an
important role. The temperature of the annealing
process is limited by the stability of the Pt and Pt
adhesion layer(s) at temperatures above 700°C. Pb
loss during film annealing and Nb content also
play a significant role in determining the occur-
rence of a residual pyrochlore phase.'? For materials
like PNZST and PMN, for which the pyrochlore
phase is very stable, annealing temperatures of the
order of 800°C are commonly employed.'? Chen et
al. have shown that the use of rapid thermal
annealing can lead to improved film quality.'* The
perovskite nucleation process is influenced by a
number of parameters, including the free energy
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of each phase appearing during the crystallization
(amorphous, pyrochlore and perovskite), the number
of nucleation sites and lowering of the interfacial
energy through epitaxial growth mechanisms (e.g.
PZT (111) and Pt (111)."® Several authors have
reported that a nanocrystalline pyrochlore type
phase forms before nucleation of perovskite struc-
tured grains during annealing. Nucleation of per-
ovskite grains is often reported to begin at the Pt/
PZT interface. The grains then grow towards the free
surface of the film creating a columnar morphology.
The texture/orientation of the film has been shown
to depend strongly on the pyrolysis conditions,
with orientations ranging from (100) to (111) to
random depending on pyrolysis temperature.'
For sol-gel preparation, the thin film properties
are dependent on the precursor solution character-
istics.!®!7 These properties result from several
chemical reactions which occur in the solution
during the processing, namely hydrolysis and con-
densation of the organo-metallic species. It has
been shown for tetraethoxysilane (TEOS) that
additives can be used to modify the thin film
properties.’® However, multicomponent PNZST
sol solutions are by far more complicated (in
terms of reaction kinetics, etc.) than TEOS ones.
The effect of hydrolysis on the preparation of
Pb-containing perovskite thin films has been studied
by several groups.'®'®*? Budd et al. have shown
that increasing the quantity of water in the precursor
solution causes acceleration of the gelation kine-
tics.!® Lipeles et al. reported that the introduction
of a large quantity of water led to porous and
partially crystallized PZT films.!"” Acids and bases
change both the hydrolysis and condensation rates,
and thus affect the structure of the condensed
gel.!® For TEOS, the chemical species are much
more cross-linked in an alkaline medium than in
an acidic one where the oligomers are roughly
linear.’® This paper reports on the deposition of
Pby.g9Z1g.55514.37Tig.06ND;0; (PNZST) thin films
by a sol-gel method on Si substrates with two
different types of bilayer metallization: Ti/Pt and
Ta/Pt. For the films deposited on Ta/Pt type sub-
strate, chemical additives including H,O, HNO,
and formamide were used to modify the sol-gel
precursor solutions, and thus influence the micro-
structural and electrical properties of the films.

2 Experimental Procedure

2.1 Sol-gel investigations

The proximity of the PNZST composition investi-
gated to the antiferroelectric-tetragonal ferroelectric
rhombohedral phase boundary is shown in the
room temperature phase diagram for the system

PbTiO;-PbZrO;-PbO:Sn0O, (Fig. 1.; after Berlin-
court®). Sol-gel precursor solutions were made
using reagent grade lead acetate trihydrate, tin
acetate, titanium isopropoxide, zirconium n-prop-
oxide and niobium ethoxide. The solvent was
anhydrous 2-methoxyethanol. According to a pre-
viously reported procedure,?' lead acetate trihy-
drate was refluxed 8 h at 350 mbar and 80°C, and
then distilled to remove the water of hydration.
Next, the Pb acetate solution was refluxed for 2 h
using the same conditions as above. A separate
solution containing the Ti, Zr, Sn and Nb precur-
sors in 2-methoxyethanol was prepared in a dry
nitrogen glove box. This solution was then added
to the distilled Pb acetate solution. The resulting
solution was refluxed for 2 h at 110°C and 350
mbar. Finally, the solution concentration was
adjusted by distillation and a drying control
chemical additive (formamide, NH,CHO) was
used to stabilize the solution against hydrolysis
and prevent crack formation during thin film
preparation.

The partial hydrolysis of the solution was per-
formed with different molar ratios of water (R,)
or nitric acid (R,) to PNZST. Gelation kinetics
have been studied by measuring the time elapsed
between hydrolysis and gelation steps. The par-
tially hydrolysed solutions were aged at 70°C to
increase the rate of gelation. The gels were dried
on a hot plate and then characterized using XRD
and SEM.

2.2 Thin film investigations

Two different types of Pt-metallized Si wafers
were used for the deposition of the PNZST thin
films. The first type was commercially supplied and
consisted of Si wafers with 1 um of SiO,, 10 nm Ti
and 100 nm Pt. The second variety was prepared
in our laboratory and consisted of PVD-deposited
Ta/Pt (10 nm/100 nm) on Si/SiO, substrates. Thin
films were deposited by spin coating the precursor
solution at 3000 rpm for 30 s followed by pyrolysis
at 350°C for 15 s. Annealing was performed using
a rapid thermal annealing furnace with flowing
oxygen. Platinum top electrodes were deposited by
sputtering.

Film crystallinity and microstructure was inves-
tigated by X-Ray diffraction using a standard Cu
K« = 154 A cathode, scanning electron micro-
scopy (SEM) and transmission electron microscopy
(TEM). TEM observations were performed on
transverse sections. Details of the TEM sample
preparation have been previously reported.?? Energy
Dispersive Spectroscopy (EDS) results were obtained
with a field emission gun operated at 200 kV. The
different layers were analysed with a probe size of
about 2 nm. Film compositions as a function of
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Table 1. Gelation time measurements in hours for the
partially hydrolysed PNZST solutions for two solution
concentration (0-4 M and 0-6 M)

(H,0/PNZST) c=06 M c=04 M
4 288 —
6 84 279
8 — 71
10 — 63

thickness were investigated by X-ray photoelectron
spectroscopy (XPS) using a 350 W Mg anode.

Hysteresis loops were measured using a standard
commercial test equipment and strain response
measured using a double beam interferometer.?’
Relative permittivity as a function of DC bias
field was measured with an impedance gain phase
analyser.

3 Results and Discussion

3.1 Hydrolysis and gelation time measurement

The dependence of the gelation time on quantity of
added water is summarized in Table 1. Increasing
the quantity of water is cbserved to decrease the
gelation time exponentially.

During the gelation time study, precipitation of
lead formate crystals®* has been observed for differ-
ent hydrolysis and aging conditions. First, at high
quantities of water (Ry = 6), gelation occurs
rapidly and no precipitation is observed. The
XRD pattern, Fig. 2, shows only a broad low
intensity peak indicating an amorphous phase.
Second, when the quantity of water is low (Ry =
2), the solution remains stable (does not gel) for at
least four months. However, after several weeks,
large (mm size) lead formate single crystals are
observed to form, Fig. 3. In between these two

cases, for Ry, = 4, gelation and crystallization of
lead formate occur simultaneously, Fig. 2. From
this figure, it is obvious that the acid content has
no significant effect on the crystallinity of the
dried gels. The formation of Pb formate is inter-
esting because its presence will cause the gelled
material to be lead-deficient (with respect to
PNZST stoichiometry) thus leading to chemical
inhomogeneity in the sol-gel films. The following
chemical reaction mechanism is proposed: for-
mamide is hydrolysed producing formic acid
which then reacts with lead acetate to form lead
formate (described by Brinker and Scherer'®).

The influence of the sol-gel additives on the
nucleation, crystallization and electrical properties
of the PNZST thin films is discussed below.

3.2 Film deposition on Ti/Pt type substrates

For all of the films prepared on TV/Pt type sub-
strates, no water or acid was added. The SEM
micrograph presented in Fig. 4(a) shows the surface
of a PNZST film prepared on Ti/Pt metallization.
The microstructure is characterized by perovskite
rosettes (gray features) embedded in a nanocry-
stalline pyrochlore phase (dark regions). The size
distribution of the rosettes is bimodal, with mean
diameters of about 1 um and 0-5 um. A TEM
micrograph of part of a transverse section of a
PNZST film on Ti/Pt metallization is shown in
Fig. 5(a). This micrograph indicates that nucle-
ation begins at the Ti/Pt interface. All of the films
prepared on Ti/Pt substrate were strongly [111]
oriented.

A characteristic double P/E hysteresis loop was
observed in the case of films deposited on Ti/Pt,
Fig. 6. This film was 295 nm thick and was
annealed at 750°C for 30 s. A maximum polarization
value of 30 wC m™2 was measured. Switching
threshold fields from the antiferroelectric phase to

0.5PbTiOg4 - 0.5PbZrO4
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Fig. 1. Room-temperature phase diagram of PbZrO3—PbTiO3—PbO:Sn092 ternary system with the location of the composition studied
indicated.
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Fig. 2. X-ray diffraction patterns of dried gels prepared with formamide addition and different molar ratios of water (Ry,) or acid

(R,). The gels are fully amorphous for Ry=6 so no sharp diffraction peaks are visible, just a broad amorphous peak. Several

diffraction peaks can be seen for Ry =4, all of them belonging to lead formate, JPDS file number 14-825. Acid content does not
affect the crystallinity of the gels.

the ferroelectric phase as determined from relative
permittivity versus DC electrical field measure-
ments are 110 kV em™ and 74 kV cm™, for forward
and reverse switching, respectively. The dielectric
constant is about 460 at zero bias field and about
660 at the phase transitions, for measurements at
50 mV and 10 kHz.

3.3 Film deposition on Ta/Pt type substrates

The hysteresis loops of films prepared from par-
tially hydrolysed and non-hydrolysed solutions
with all other parameters held constant on a Ta/Pt
type substrate are presented in Fig. 7. In the case of
the pre-hydrolysed solution, the film was deposited
5 min after hydrolysis. The annealing temperature
was 650°C during S min. By comparison with the
hysteresis data for films prepared without H,O, it
is clear that pre-hydrolysis of the precursor solu-
tion destroys the electrical properties of the film as
previously observed in PZT thin films (see, for
example, Ref. 19). By storing the hydrolysed solu-
tion at 0°C prior to film deposition, however, it
was possible to maintain the properties of the

films constant (i.e. slow down the hydrolysis reac-
tion). These two observations indicate that careful
control of the water content of the precursor solu-
tions and the relative humidity are critical for the
preparation of high quality PNZST thin films.
Films prepared with no water or acid additions to

Fig. 3. SEM photomicrograph of a lead formate single crystal
nucleated inside a precursor solution.
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Fig. 4. SEM photomicrograph of the surface of a PNZST
film prepared on (a) Ti/Pt and (b) Ta/Pt metallization.

PNZST

100 nm

Fig. 5. TEM images of transverse sections of PNZST films

prepared on (a) TPt and (b) Ta/Pt metallization. For both

pictures the substrate is at the bottom and the free surface at
the top.
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Fig. 6. Polarization-electric field hysteresis loops of a PNZST
thin film prepared on a Ti/Pt electrode.

the sol-gel precursors were investigated in more
detail, as discussed below.

The nucleation rate of PNZST on the Ta/Pt
substrate is lower compared to the Ti/Pt case, as
can be seen in the SEM micrograph of Fig. 4(b).
The number of rosettes per unit area is dimin-
ished. The rosettes are regularly shaped with large
lateral dimensions (about 1 um). In Fig. 4(b), a
straight grain boundary between two grains can
be seen where the two grains have impinged during
lateral growth, a typical feature of rosette type
grain growth.” For the PNZST films deposited on
Ta/Pt, the perovskite nucleation did not initiate as
expected at the film-Pt interface, but near the film
surface, indicating that nucleation at the film-Pt
interface is somehow inhibited compared to Ti/Pt.
The surface nucleated grains have grown towards
the bottom electrode, as evidenced in the TEM
micrograph, Fig. 5(b). Close to the film-Pt interface,
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Fig. 7. Polarization-electric field hysteresis loops obtained

from PNZST thin films prepared from a pre-hydrolysed

(dashed line) and non-hydrolysed precursor solution (solid
line).
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Table 2. EDS quantitative analyses performed on a PNZST
thin film deposited on a Ta/Pt substrate. The quantity of each
element is expressed in atomic percent

Probe position  Pb Zr Ti Sn Nb

Perovskite 514 23+2 341 22+1 044037

Pyrochlore 314 333 3%1 30-5 2+2¢

“Due to the low amount of Nb and to the high K factor of
this element, a large uncertainity is associated with the
quantification.

no nucleation has been observed and most of the
time the pyrochlore remains. The films were [111]
textured as observed by XRD. The composition of
the perovskite phase in cation percent (Table 2)
"was found to be: Pb=51, Nb=0-4, Zr=23, Sn=22,
Ti=3, which is near the nominal composition. The
pyrochlore region was found to have a similar
composition except that it was poorer in Pb
(atom% Pb=30). To obtain these results, thicker
sample regions were used. EDS analysis on bulk
PZT indicates that for such large thicknesses anal-
yses are precise and accurate within 10%. A large
amount of Pb (about 30% in atomic percent in the
Ta), which had diffused through the Pt during
rapid thermal annealing of the film, was observed
in the Ta layer. This created Pb deficiency at the
bottom of the film which may prevent perovskite
nucleation by changing the relative stabilities of
the pyrochlore and the perovskite phase. Further
quantitative analysis by means of EDS and XPS
surface analysis has indicated that Ta diffuses
through the Pt layer during film annealing. The
XPS depth profile, Fig. 8, indicates that the Ta
distribution is significantly shifted towards the
film—Pt interface. EDS spectra were obtained from
a Pt grain boundary, Fig. 9 (a), and inside a Pt
grain, Fig. 9 (b). There is evidence of Ta enrich-
ment in the Pt grain boundary. By EDS, no direct
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Fig. 8. XPS depth profile showing a shift of Ta distribution
towards the film-Pt interface, the solid line corresponds to
the Ta profile and the dashed one to the Pt profile.
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Fig. 9. EDS spectrum of (a) a Pt grain boundary and (b) inside

a Pt grain indicating diffusion of Ta during the annealing

process. Corresponding characteristic energies are for Ta
(La,): 8145 eV and for Pt (LA): 8267 eV.

proof of Ta enrichment at the film—Pt interface
could be obtained. This is not surprising since a
small content (about 1 at (%) would not be
detected due to noise and screening from other
elements. The nucleation inhibition at the film—Pt
interface may be explained as follows. The primary
reason is that a significant quantity of Pb diffuses
through the Pt into the Ta layer, thus causing a
Pb deficiency in the film at the film-Pt interface
and inhibiting nucleation of the perovskite struc-
ture. In addition, Ta diffuses through Pt during the
annealing process and the presence of Ta oxide at
the interface could inhibit the perovskite nucle-
ation because Ta is known to form stable
pyrochlore phases.?

3.4 Electric field-induced strain in PNZST films

Figure 10 shows the effective piezoelectric coeffi-
cient d;; of a PNZST film deposited on a Pt/Ti
substrate as a function of DC electric field. At low
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Fig. 10. Effective piezoelectric coefficient of a PNZST film
deposited on a Ti/Pt substrate as a function of DC electric field.

electric field (in the antiferroelectric state) di; is
small (5-10 pm V') and then significantly increases
when switching to the ferroelectric state occurs at
higher fields. A strong dependence of d;; on the
AC field level is found near the switching thresh-
old field where a relatively small AC field can
induce large strains. Under the strong DC field
this dependence is almost absent since ferroelectric
domains are aligned in the direction of the applied
electric field and domain wall motion contribution
is reduced. The piezoelectric coefficient of about
60 pm V™! is obtained near the switching field to
ferroelectric state. This value is similar to that
obtained by Gaskey er al® in PNZST films of
composition PbjggNbg 22159015 T154,0; under
the same electric field. A significant asymmetry of
the piezoelectric response is found suggesting non-
equivalent conditions for the ferroelectric phase at
positive and negative directions of applied field.
This may be a result of a non-uniform charge dis-
tribution and internal bias field in the PNZST film
due to pyrochlore phase and compositional differ-
ences. Figure 11 shows the strain versus field
dependencies of the same film measured at differ-
ent AC fields. At a driving field of about 200 kV
V!, which only slightly exceeds the switching
field, the strain is found to increase significantly
under switching to the ferroelectric state. The
remanent strain is much smaller than the maximum
strain in accordance with polarization measure-
ments. A stronger asymmetry of the strain response
is observed compared to the d;; measurements. At
higher driving fields stabilization of the ferroelectric
state results in a strong increase of the remanant
strain as compared to the low field conditions.
Therefore a complete recovery of the antiferro-
electric state could not be seen. This is understood as
a result of the shift of the phase boundary between
ferroelectric rhombohedral and antiferroelectric
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Fig. 11. Strain versus electric field measurement of a PNZST
thin film prepared on a Ta/Pt electrode.

tetragonal phases under the high electric field used
for the strain measurements.® The longitudinal strain
is about 0-25% under an electric field of 600 kV V',

4 Conclusions

Nucleation and growth of lead formate were
observed in PNZST sol-gel precursor solution.
Hydrolysis parameters (water and nitric acid
molar ratios) influence the conditions of growth of
lead formate.

Antiferroelectric PNZST films which show well-
defined antiferroelectric to ferroelectric electric
field forced phase switching were prepared on
Ti/Pt-metallized Si wafers. For the films on Ti/Pt,
nucleation occurs at the film-Pt interface, and a
columnar microstructure is obtained. On Ta/Pt,
nucleation occurs at the film surface. Pb diffusion
through the Pt bottom electrode could explain this
change. The films on Ti/Pt substrates exhibit
promising electromechanical properties for actuator
applications.
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