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Pb(Zr, 5,Ti, ,5) O; (PZT) sols were prepared by a modified sol-gel route using both solvents - acetic acid and stabilizer solution
(n-propanol : 1,2-propanediol in the rate 10 : 1). The sols were deposited by spin-coating onto platinized Al,O; or SiO/Si
substrates. Results of SEM and XRD analyses confirmed, that the transformation of the amorphous PZT film to perovskite
structure happened after sintering at 650°C. The mechanism of microstructure formation has described for morphologicaly
different perovskite particle types in 1, 2 and 3-layered PZT thin films with thickness of 200-500 nm on used substrates. Three
different PZT film microstructure types in dependence on the applied sol concentration were found. It was found, that the
PZT/Pt/AL,0; film microstructure at 1.0 M sol concentration was composed of two forms of perovskite particles, big rosette
and irregular cuboidal particles. Small spherical particles and rosette structure were found in PZT/Pt/Si/SiO, films.

INTRODUCTION

Ferroelectric lead zirconate titanate Pb(Zr,Ti,,)
O, or (PZT) thin films have received much attention
for applications such as sensors, microactuators and
microelectromechanical systems (MEMS) [1,2]. For
the preparation of perovskite PZT thin (<500nm) films
chemical solution deposition (CSD) routes like sol-gel,
chelate, Pechini and metallo-organic decomposition
were used [3,4]. The first PZT precursor solution (sol)
was prepared in 1985 by Budd et al. with solvent
2-methoxyethanol (sol-gel) [5], Yi et al. used acetic
acid as a solvent with n-propanol or ethylene glycol
as stabilizer [6]. PZT sols were deposited on different
substrates (MgO, SrTiO;, platinized silicon or alumina)
by dip or spin-coating methods.

The various factors important to the use of sol-
gel were discussed, including mechanisms for perov-
skite nucleation and growth or film thickness. The
microstructure of the ferroelectric film is influenced by
various processing conditions: the precursor chemistry,
the sol concentration, nature of substrate, heat treatment
and film thickness [7,8]. The sol-gel process has used to
of deposit PZT films on different substrates in which the
thickness of single sol-gel layer usually falls under 100

nm [9]. The deposition of thicker layers than this usually
results in cracks and/or porosity formation. The required
thickness is achieved by repeating the coating and heat
treatment. The film thickness increases with rise in the
concentration of PZT sols [10]. For lower concentration
of PZT sol, the deposited film was a continous, while for
high concentrations highly agglomerated structures were
observed [11].

For PZT films processed at 650°C, the perovskite
phase evolution consists of the following steps: phase
separation in solution, pyrochlore crystallization, hetero-
genous nucleation and homogenous nucleation of perov-
skite [12,13]. X. J. Meng et al. [14] used a modified
sol-gel method to prepare PZT thin film at low sintering
temperature of 550°C. Sol-gel derived films typically
have microstructures consisting of micrometer-sized
particles clusters (rosettes) of perovskite surrounded by
fine (<20 nm) pyrochlore in PZT films. In microstructures
of the PZT film surface of other authors, particles of the
perovskite phase with big rosette ~ 2-5 um and columnar
structure have been found on film cross-section on
different substrate (Pt/Al,O; or Pt/Si0,/Si) [15,16]. The
rosette structure is generally attributed to the perovskite
phase, whereas the fine particle matrix consisted of Pb-
deficient pyrochlore phase, PbTi;O;, or Pb,Ti,Oq., [17].
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The present paper describes the preparation of PZT
thin films using a modified sol-gel and spin-coating
method from acetate based precursor sols. The effect of
sol concentration with stabilizer solution (n-propanol:1,2-
propanediol equals 10:1) on the microstructure of 1, 2 and
3-layered PZT thin films deposited on the Pt/Al,O; or Pt/
Si0,/Si substrates and mechanism of the microstructure
formation are investigated.

EXPERIMENTAL

Preparation of PZT sols

PZT precursor solutions (sols) were prepared using
the modified sol-gel synthesis according to the method
in [18]. Lead acetate trihydrate Pb(OAc),.3H,O and
zirconium acetylacetonate (Zr(OR), were dissolved
separately at a temperature of 80°C in glacial acetic
acid AcOH in two closed flasks. The solutions were
dehydrated at 105°C for 2 hours and after cooling to
80°C, they were mixed with titanium orthotetrabutylate
Ti(OR), in the required ratio of Pb:Zr:Ti = 1:0.52:0.48.
After adding ethylene glycol at the temperature of 80°C,
a yellow sol was formed. Finally, the basic 2.0M PZT
sol was diluted with stabilizer solution (n-propanol:1,2-

Pb(OAc), 3H,0 + AcOH
dissolving at 80°, dehydrate at 105°C

Zr(OR), + AcOH
dissolving at 80°, dehydrate at 105°C

propanediol equals 10:1). The final sol concentrations
after dilution were 1.5, 1.0 and 0.5M. The resulting
orange solutions were transparent and remained stable at
room temperature for several months.

Preparation and characterization
of PZT thin films

Two different substrate types were applied for the
PZT film deposition platinized alumina and silicon.
Oxidized p-type silicon [100] single-crystal were used as
substrates on which a Pt (50 nm) layer was sputtered as a
bottom electrode. The Pt/Al,O, and Pt/Si0O,/Si substrates
were spin-coated with the 0.5-1.5 M PZT sols at 2000
rpm for 30s followed by drying at 110°C for 3min and
calcining at 400°C for 10min on a hot plate. The above
coating-pyrolysis process cycle was repeated to obtain
1, 2 and 3-layered thin films. Finally, the films were
crystallized through annealing at 650°C for lhour in air
to form the perovskite structure in the PZT thin films.
Heating and cooling rates were £5°C/min. The sol-gel
preparation route for the PZT thin film and SEM surface
micrographs of a 1-layer PZT thin film prepared from 1.0
M sol concentration on Pt/Al,O, substrate are shown in
Figure 1.
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Figure 1. Sol-gel preparation route for the PZT thin film and SEM surface micrographs of 1-layer PZT thin film prepared from
1.0M sol concentration on Pt/Al,O, substrate after processing - a) drying at 110°C, b) calcining at 400°C and c) sintering at 650°C.
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The phase composition of PZT thin films was
determined by X-ray diffraction analysis (XRD, Philips
X’ Pert Pro) using CuK, radiation. The surface and
cross-section microstructures of PZT thin films were
characterized using a scanning electron microscope
(SEM, Jeol-JSM-7000F).

RESULTS AND DISCUSSION

PZT thin films deposited
on Pt/Al,O; substrates

1-layer PZT thin film surfaces prepared from 1.0M
sol on Pt/AL,O, substrate at various preparation stages
are shown in Figure 1. In the micrographs, the xerogel-
film (Figure 1a) and the amorphous PZT film (Figure 1b)
with nano-sized irregular pores and holes can be seen.
During the transformation of the film to perovskite PZT
phase, the sols are first pyrolysed to pyrochlore phase.
Since the PZT films were dried and calcined at relatively
low temperatures of 110 and 400°C they contained more
organic residuals. The organics probably inhibited the
nucleation of perovskite particles. Figure 1c shows the
crystallized 1-layer PZT film of 200 nm thickness after
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T
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a) XRD diffractogram
(pv - perovskite phase, ® - Al,O; substrate, © - Pt)

sintering at 650°C. The rosette structures of perovskite
(pv) particles with average size ~ 100 nm and big
rosettes ~1-5 um were separated by a fine-grained phase
~8-20 nm (intermediate phase between amorphous
pyrochlore (py) and crystalline perovskite). In the
microstructures (Figure 1), the void formation arround
the rosette particles with very sharp boundaries was
observed. In the PZT thin films, py phases of Pb, s
Zr, sTi, O, or Pb,,Zr,,Ti,sO, were observed [19-22].
In the microstructures, the void formation arround the
rosette particles has been observed [23-24]. Rosettes
had very sharp boundaries, which D. Van Genechten et
al. interpreted in two different ways [25]. Firstly, sharp
boundary is maintained during growth where a con-
centration gradient favours the formation of undulated
interface and it forms rosette boundary. Secondly,
conversion into pv phase from another crystalline
phase such as py would require dissolution of the py
nanocrystallites prior into incorporation as a part of the
growing perovskite single crystal.

The XRD diffractogram and SEM micrograph of
a 2-layered PZT thin film cross-section deposited on
Al,O,/Pt prepared from 1.0M sol at 650°C are shown
in Figure 2. The XRD diffractogram of the PZT film

100nm WD 10.3mm

UMYV SAV SEI 15.0kV  X40,000

b) SEM cross-section micrograph

Figure 2. 2-layered PZT thin film prepared from 1.0M PZT sol and deposited on Pt/Al,O; substrate after sintering at 650°C.
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b) 3-layered PZT thin film

Figure 3. SEM surface micrographs of 2 and 3-layered PZT thin film prepared from 1.0M PZT sol on Pt/A1203 substrate after

sintering at 650°C.
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(Figure 2a) confirms the formation of fine perovskite
Pb(Zr, 5,Tiy45)O; phase (JCPDS 33-0784) with rhom-
bohedral symmetry. The crystallite size in the film was
arround ~29 nm (according to the Scherrer equation). The
columnar structure of pv particles of 350 nm thickness
is visible in 2-layered thin PZT film cross-section pre-
pared from 1.0M sol (Figure 2b).

In Figure 3, two types perovskite particle in micro-
structure of 2-layered (Figure 3a) and 3-layered (Figure
3b) PZT thin film can be seen: large cuboidal particles
of ~ 0.2 -1.5 pm and small particles of ~ 50-120 nm size
with 30 nm pores. With the increase of coating cycles,
large particles and few voids become visible in the
microstructure (Figure 3b) at a film thickness of 450 nm.

N

SEI 150KV X5000  1um

WD 10.0mm

In Figure 4, a effect of the molarity of the sols on
the pore structure (Figures 4a,b) and number of cracks
(Figures 4c,d) in 2 and 3-layered PZT thin films can be
observed. Films prepared from variously concentrated
sols on Pt/Al,0O, substrates differ in crack density after
sintering at 650°C. The film prepared from 0.5M sols
had less cracks and pores than films prepared from 1.5M
sols. The increase of the precursor sol concentration
results in the growth of particles. 2 and 3-layered PZT
thin films prepared at 650°C were composed of large
equiaxed particles (~ 1.5 pm) and small cuboidal particles
(~ 80-120 nm). The optimal molar concentration from
the point of view of 2 and 3-layered PZT thin film
microstructures was 1.0M (Figures 3a,b).
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Figure 4. SEM surface micrographs of 2 and 3-layered PZT thin film prepared from different molar concentration of sols on

Pt/Al,O; substrate after sintering at 650°C.
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Figure 5. 2-layered PZT thin film prepared from 1.0M PZT sol and deposited on Pt/SiO,/Si substrate after sintering at 650°C.
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PZT thin films deposited
on Pt/Si0,/Si substrates

The XRD diffractogram and SEM cross-section
micrograph of a 2-layered PZT thin film deposited from
1.0M sol on Pt/Si0O,/Si prepared at 650°C are shown in
Figure 5. In Figure 5a, an XRD pattern close to pure
perovskite (pv) phase Pb(Zr,s,Ti;4)0; (JCPDS 33-
0784) with rhombohedral symmetry was found. The
crystallite size in the pv phase was about ~20 nm. SEM
cross-section micrograph of a 2-layered PZT thin film
with the columnar microstructure of the coating is visible
in Figure 5b. The thickness of 2-layered PZT films on
the Pt/Si0,/Si substrate was 400 nm. Particle nucleation
starts from the Pt electrode/PZT interface in the first
layer (250 nm) and the subsequent layer inherits the
morphology from the previous layer.

In Figure 6, SEM surface micrographs of 1, 2 and
3-layered PZT thin films of thickness (250, 400 and 500
nm) prepared from 1.0M sol on Pt/SiO,/Si substrate
after sintering at 650°C are shown. The 1-layer PZT

A e . —— e ————
20.0kV  X5,500 200KV X20000 1um WD 104mm  20.0kV

a) 1-layer

1um . WD 10.4mm

200KV X5,000  1gm WD 134mm

200KV X20000 1pm  WD105mm  200kvV X30,000 100nm WD 105mm

b) 2-layers

SEl 20

c) 3-layers

Figure 6. SEM micrographs of surface of thin PZT film
prepared from 1.0M PZT sol on Pt/SiO,/Si substrate after
sintering at 650°C.

film surface (Figure 6a) is smooth and void-free without
rosette structure. The spherical pv particles size equals
~40-100 nm. Similar spherical particles of pv PZT phase
were shown in PZT films in [26]. In [27], the PZT thin
films prepared on Pt/Ti/Si0,/Si substrates by the sol-gel
method and sintered at 650°C were composed of coarse
particles without rosette structure. Increase the number of
coating cycles affect the size of particles and voids in the
films. Non-uniform films with rosette structured particles
(Figures 6b,c) can be visible in microstructures of 2 and
3-layered PZT films whereas the average rosette size was
1-2 um. Rosette particles consist of smaller spherical and
cuboidal particles. In the microstructure of 2-layered PZT
films on Pt/SiO,/Si substrate spherical particles ~0.2-1.0
um (Figure 6b) were found and cuboidal particles in
rosettes with size of 80 nm in 3-layered PZT thin film
were observed, respectively. Similar surface morphology
and rosette pv phase formation with diameter of 5-15
pm were observed by Z. J. Wang et al. [28]. The matrix
regions between rosettes were identified to be fine py
phase, which could not be detected by XRD analyses.
In [29] PZT thin films on Pt/Si0,/Si substrates sintered
at 600°C were composed of two circular pv rosettes
developed from the surrounding nanoscale py matrix. In
[30-32], the surface morphologies of PZT thin films on
Pt/Ti/Si0,/Si substrate yielded rosette structure which
consisted of large (~1 pm) spherical particles.

Mechanisms for perovskite nucleation
and growth or film thickness

The probably microstructure evolution can be
derived from the comparison of observed individual
microstructures in dependence on the applied sol
concentration. The microstructure of 1-layer PZT film
in Figure 1c (1.0M sol concentration) is composed of
finer and separate pv particles with rosette morphology
and high pore fraction. On the other hand, particles of pv
phase in Figure 4a (0.5 M sol concentration), where the
coating contains the same amount of PZT phase, have
a more spherical shape with smooth surface without
characteristic rosette structure and markedly lower pore
portion. It is clear from the above, that a higher number of
nuclei is created by fast calcination of more concentrated
PZT sols. Individual nuclei form discrete crystallization
centers differ from each other by activity and almost of
them grow uniformly until they touch with boundaries.
As consequence of volume changes and matter transfer
during two physical different processes - firstly, the
thermal degradation of organic compounds, mutual
interaction and connecting of created transition oxidic
compounds and secondly, sintering and recrystallization
of oxidic phases - the substrate surface is not uniformly
coated by pv phase. The first layer created by the
decomposition of 0.5M sol includes distant pv particles
where ion movement on the substrate surface by diffusion
is practically impossible because of the discontinuous
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PZT film. In this case, the formation of particles of
rosette shape is restricted. The above mechanism has
to be distinguished from that in the second PZT layer
on Pt/Al,O; substrate, where particles grow on first
created nuclei or nanometric particles. Since the fraction
of nuclei for crystallization of PZT phase in the film is
lower in the case of 0.5M sol than film created from more
concentrated sols (2-3 times higher), the particles have
sufficient area for their growth to larger dimensions until
they will touch by its boundaries and a more continuous
and smooth layer with uniform particles size is created.
The second layer deposited from 1.0M sol on the first
uncontinuous layer composed of rosette pv particles
separated by narrow channels of the py phase causes the
growth and coalescence of origin rosette particles into the
big particles of micrometric size. On the other hand, this
causes the formation of new nuclei or pv phase particles
by the transformation of py phase after interaction with
the new PZT sol-film. This is probably the mechanism
for the formation of the microstructure with two
morphological different pv particle types. It is clear from
Figure 4c,d that the number of nuclei and crystallization
centers is sufficient in the coating created from the 1.5M
sol for the preservation of finer microstructure with the
high fraction of irregular pv nanometric particles. The
recrystallization into larger perovskite particles can be
only observed at adjacent particles with significantly
different surface activities (at contact between low- and
high- angle boundaries).

On the Pt/SiO,/Si substrate, the formation of
morphologically different spherical uniformly distributed
nanometric PZT particles on substrate surface from 1.0M
sol in comparison with Pt/Al,0O; substrate is visible.
The subsequent deposition of the second PZT layer
causes the growth of spherical particle size (2-3 times),
which is stopped by mutual particle boundary contact.
However, is not observed particle sintering to large
continous areas and the number of crystallization centers
is almost unchanged. This fact influenced the character
of microstructure after deposition of the third PZT layer.
In the microstructure in Figure 6b, the initial mutual
segregation of larger particle agglomerates is observable
as the result of the formation of new boundary between
agglomerates by particle sintering. In the 3-layered
coating, the apparent separation of spherical pv particles
agglomerates with rosette morphology composed of
the high fraction of fine irregular pv particles has been
visible after recrystallization and sintering.

CONCLUSIONS

The mechanism of the microstructure formation
with morphologicaly different perovskite particles in
PZT thin films was described. The morphology of the
PZT film after crystallization at 650°C was influenced
by the substrate. In the microstructures of the 1-, 2- and

3-layered PZT/Pt/Al,0, or PZT/Pt/Si/SiO, thin film
surfaces, rosette, cuboidal or spherical perovskite phase
particles with columnar structure on film cross-section
were observed. A more porous structure was formed at
low sol concentration and the number of cracks in films
rises with the sol concentration (various amounts of
stabilizer solution).

An effect of coating thickness on the particle
morphology in the PZT thin films on both substrates was
found. The 1-layer PZT/Pt/Al,O5 thin film (of 200 nm
thickness) microstructure with micrometer-scale rosette
particles differs from 1-layered PZT/Pt/Si/Si0, thin film
(of 250 nm thickness) microstructure composed of small
spherical particles (~ 40-100 nm).

In the 2- and 3-layered PZT/Pt/Al,O, thin films
(of 350 and 450 nm thickness respectively), two forms
of perovskite phase particles were observed: big rosette
structures (~ 1-5 pm) composed of small cuboidal
particles (~50-120 nm) with 30 nm pores and equiaxed
cuboidal particles (~ 0.5-1.5 pm). Spherical particles
(~ 0.2-1.0 um) and rosette structures of perovskite phase
with small cuboidal particles were found in the 2- and
3-layered PZT/Pt/Si/Si0, thin films (of 400 and 500 nm
thickness).

A strong effect of the sol concentration on
microstructure evolution was found and a correct choice
of the sol concentration allows the formation of the film
microstructure required.
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