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Abstract

PbZr0.53Ti0.47O3 (PZT) thin films were synthesized by the pulsed laser deposition (PLD) technique using the fourth harmonic
generated light source (l=266 nm) of Nd3+:Y3Al5O12 (YAG) laser beam. The film crystallinity and stoichiometry were examined
as a function of the partial oxygen pressure (PO2

) in the range 1–10 Pa during the PLD process. With increasing PO2
, the major

crystalline phase of the thin film was changed from pyrochlore to perovskite. This variation was correlated with the volatile prop-
erty of Pb element during the deposition process. At PO2

of 5 Pa, perovskite formation and its (111) crystallographic orientation
were maximized in the thin film when Pt/Ti/SiO2/Si substrates were used. Additionally, the control of the preferred crystallographic

orientation of the PZT thin film was performed using PZT(sol-gel-seed)Pt/Ti/SiO2/Si and LaSr0.5Co0.5O3/SiO2/Si substrates. A
laser-Doppler-interferometer measured the electric-field-induced displacement of 1-mm-thick PZT films with different growth con-
ditions in order to investigate the effect of stoichiometry and crystal orientation on the piezoelectric property.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

The number of reports on the preparation of ferro-
electric thin films by pulsed laser deposition (PLD)
using excimer laser source, in particular, has remarkably
increased in recent years.1�3 One of the most important
advantages of employing the PLD to synthesize oxide
thin films is the fact that the film deposition can be car-
ried out under an ambient of the desired pressure, even
in oxidative atmosphere, since there is no energy source
in the deposition chamber but short-wavelength pulsed
laser is focused onto the target material through a
chamber window from external laser generator. Com-
pared with excimer laser, such as KrF (l=248 nm) and
XeCl (l=308 nm), Nd3+:Y3Al5O12 (YAG) laser has
superior advantages in running cost, easy maintenance
and safety. Nd3+:YAG laser (l=1064 nm) can generate
a shorter wavelength of l=266 nm (the forth harmonic
generation, FHG) using nonlinear optical crystals
(KH2PO4, KDP), which is expected to have a higher
average power transmission close to KrF excimer laser.
While there are enough reports on the synthesis of fer-
roelectric thin films using the excimer laser, only limited
work has been reported for the preparation of ferro-
electric thin films using the FHG- Nd3+:YAG laser as a
light source for the PLD.
In the present study, the PLD technique using FHG-

Nd3+:YAG was applied for the preparation of PbZr1-
xTixO3 (PZT) thin films with the composition corre-
sponding to a morphotropic phase boundary (MPB)
around x=0.47 which separate a tetragonal Ti-rich crys-
tallographic phase from a rhombohedral Zr-rich phase.
This paper gives data on film crystallinity and composi-
tion as a function of the partial oxygen pressure (PO2

)
during the YAG-PLD processing to confirm a proper
condition of PO2

. The ferroelectric and piezoelectric
properties of the derived thin films are also reported.
Additionally, we prepared PZT thin films with different
crystal orientations in the MPB region by selecting sub-
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strate materials to study the dependence of the film
texture on the piezoelectric properties.
2. Experimental

A FHG–Nd3+:YAG laser beam with a wavelength
l=266 nm and a repetition rate of 10 Hz was focused
onto a rotating, sintered PZT bulk target. The fluence of
the incident laser beam was 1.5 J/cm2 and the base
pressure of the vacuum chamber was 10�5 Pa. The
vaporized material was deposited on Pt(111)/Ti/SiO2/Si
substrate heated at 700 �C under oxygen partial pres-
sure (PO2

) ambient in the range 1–10 Pa. The distance
between the bulk target and the substrate was 46 mm.
After the film formation, the specimen was cooled to
room temperature (5 �C/min) in 0.1 MPa of oxygen.
Further two kinds of substrates, (1) a Pt/Ti/SiO2/Si
substrate coated with a sol-gel-derived PZT seed layer
and (2) a SiO2/Si substrate coated with a PLD-derived
LaSr0.5Co0.5O3 (LSCO) bottom-electrode/seed layer,
were used for controlling the preferred crystallographic
orientation of deposited PZT (Zr/Ti=53/47) thin films.
Detailed sample preparation procedure is described
elsewhere.4,5

The films were analyzed by X-ray diffractometry
(XRD) using CuKa radiation, X-ray fluorescence spec-
troscopy (XRF), and atomic force microscopy (AFM).
Polarization versus applied electric field (P-E) hysteresis
loops were recorded using a modified Sawyer–Tower
circuit. The electric-field-induced displacement at the
center of the Au top electrode was measured using a
laser-Doppler-displacement measuring system (Graph-
tec AT7211, Japan) under a bipolar drive up to 20 Vp�p

at 1 kHz.
3. Results and discussion

Fig. 1 compares the XRD patterns of thin films
deposited on the Pt(111)/Ti/SiO2/Si substrate as a func-
tion of PO2

in the PLD processing. In the low oxygen
partial pressure up to 3 Pa, the pyrochlore (paraelectric
A2B2O7) phase forms mainly instead of perovskite (fer-
roelectric ABO3) phase. With increasing PO2

, the for-
mation of the pyrochlore phase is suppressed and the
perovskite phase becomes dominant. The formation of
perovskite phase is maximized at PO2

of 5 Pa (Fig. 2(a)).
Above PO2

of 5Pa, however, the deposition rate for film
growth was slowed down with increasing PO2

. There-
fore, the diffraction intensity of perovskite phase is also
weakened. Under the present PLD condition using the
Pt(111)/Ti/SiO2/Si substrate, (111)-preferred orientation
is observed in the PZT thin film (Zr/Ti=53/47). Such
(111)-preferred orientation is most enhanced at PO2

of 5
Pa which agrees well with a suitable PO2

condition for
perovskite formation. The orientation ratio reaches
84%, where the degree of (111) orientation was deter-
mined by the peak intensity fraction of (111)/
[(100)+(110)+(111)] in the perovskite structure.
According to XRF measurement (Fig. 2(b)), both

Pb/Zr and Pb/Ti intensity ratios remain at low values in
Fig. 1. XRD patterns of the thin films deposited on the Pt/Ti/SiO2/Si

substrates under various PO2
in the PLD process.
Fig. 2. (a) The degrees of perovskite formation and (111) orientation,

and (b) XRF intensity ratios for the thin films synthesized by PLD at

various PO2
.
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low PO2
conditions and increase steeply in the vicinity

where PO2
exceeded 4 Pa to form PZT (Zr/Ti=53/47),

which indicates that the evaporation of Pb occurred
actively under low PO2

condition. As a result, pyro-
chlore phase is preferably formed at low PO2

, since there
is a quantitatively close relationship between Pb content
and crystal structure in the PZT system.6

Fig. 3 presents the AFM images of the surface mor-
phology of the PZT thin films prepared at different PO2

of 3 and 5 Pa. Both films are composed of small grains,
but the grain size and its packing density are different.
The thin film grown at PO2

of 5 Pa shows relatively
dense morphology with a grain diameter of approxi-
mately 150 nm. On the other hand, it is apparent that
the thin film grown at PO2

of 3 Pa demonstrates some-
what smaller grains and less dense morphology. The
morphology difference seems to have been affected by
the degrees of crystallinity, stoichiometry and grain
mobility (sinterability) on the heated substrate during
the film deposition with different PO2

.
Dependence of PO2

during film deposition on the fer-
roelectricity of the PZT thin films was investigated by
observing P-E hysteresis loops, as shown in Fig. 4. The
thin film grown at PO2

of 1 Pa showed no ferroelectric
P-E hysteresis loop. In contrast, the thin films grown at
PO2

of 3 Pa or more demonstrated hysteresis loops, but
an elliptical loop indicating the contribution of non-
ferroelectric pyrochlore phase is observed for the thin
film grown at PO2

of 3 Pa. Such an elliptical loop is
transferred into typical rhomboidal P-E hysteresis loop
with increasing PO2

. Larger remanent polarization (Pr)
and smaller coercive field (Ec) are obtained for the thin
film grown at PO2

of 5 Pa than the thin film grown at
PO2

of 7 Pa, which seems to have correlation with the
degrees in crystal orientation as well as PZT stoichio-
metry (Fig. 2).
As shown in Fig. 5, the electric-field-induced strain

along the film thickness (1 mm) was monitored as dis-
placement which arose from the bending vibration of
the PZT film/substrate, i.e., the PZT film expanded or
shrank in the horizontal direction, which led to the
deflection of the film/substrate structure in the vertical
direction as a clamp-free bimorph vibration.7 Among
the thin films deposited on the Pt(111)/Ti/SiO2/Si sub-
strate, the largest electric-field-induced displacement is
observed for the thin film grown at PO2

of 5 Pa, while
nearly identical electric-field-induced strains are mea-
sured in the two films grown at PO2

of 3 and 7 Pa. It is
Fig. 3. AFM images of the surface of the thin films synthesized by PLD at PO2
of (a) 3 Pa and (b) 5 Pa.
Fig. 4. P-E hysteresis loops of the thin films synthesized by PLD at

various PO2
.
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apparent that the magnitude of the displacement is cor-
related with the degree of the crystal orientation rather
than that of the stoichiometry, when one compares
Fig. 2(a) with Fig. 5. It is therefore possible that film
texture strongly affects the piezoelectric properties
observed in the PZT thin film.
In order to study the dependence of the film texture

on the piezoelectric properties, PZT (Zr/Ti=53/47) thin
films with different crystal orientations were synthesized
at PO2

of 5 Pa using YAG-PLD technique by selecting
the appropriate substrate materials. As shown in Fig. 6,
the PZT thin films demonstrated different preferred
crystal orientations depending on the substrates. While
the film deposited on the Pt/Ti/SiO2/Si substrate showed
a strong (111) texture, the film deposited on the
PZT(sol–gel seeds)/Pt/Ti/SiO2/Si substrate showed rela-
tively random orientation with a major peak of (110) in
the XRD pattern. In contrast, the film deposited on the
LSCO/SiO2/Si substrate displayed (100)-oriented struc-
ture in the XRD pattern.
These films showed different electric-field-induced dis-

placement depending on their crystallographic orienta-
tions, regardless of the same chemical composition (Zr/
Ti=53/47, MPB) and sample dimensions. Throughout
this work, the displacement was calculated using the top
amplitude of the time-dependent output wave recorded at
elevated applied voltage under bipolar drive up to 20 Vp�p

(�10/+10 V) which corresponds to the electric bias field
of approximately 2 Ec for 1-mm-thick film. Therefore, the
films were run through the butterfly strain curve caused
by polarization reversal during the bipolar drive, indi-
cating contribution of domain wall motion, such as
non-180� domain walls, in this strain measurement.
Additionally, MPB motion due to the coexistence of
rhombohedral and tetragonal phases can also be attrib-
uted to such a domain wall motion. An almost linear
increase and largest displacement are observed with
increasing applied drive voltage for the PZT thin film
deposited on the PZT(sol–gel seeds)/Pt/Ti/SiO2/Si sub-
strate, while the other films show slightly non-linear
curves with smaller displacements. This nonlinear
behavior might have been related to the irreversible
non-180� domain wall motions under the bipolar elec-
tric driving field.8 It seems that the piezoelectric prop-
erty of PZT thin films with MPB composition, where
inherent effective polar axis directions have been remain
unsettled, complicatedly relates to the degrees of crys-
tallographic orientation and domain wall motion. Our
study shows that the larger piezoelectric displacement
with lower nonlinearity is observed in the randomly
oriented PZT thin film than that in the other preferred
texture films. This may be a consequence of the parti-
cular domain-wall structure for this orientation which
correlates with the co-existence of the multiple polar-
ization directions at the MPB composition.
4. Conclusion

The FHG–Nd3+:YAG laser beam was utilized as a
laser source for the PLD synthesis of PbZr0.53Ti0.47O3

(PZT) thin films, since YAG laser has superior advan-
tages especially in running cost, easy maintenance and
safety to KrF excimer laser. YAG-PLD technique was
successfully able to form PZT thin films with different
preferred crystallographic orientation on various sub-
Fig. 5. Piezoelectric displacement of several kinds of PZT thin films

with different conditions in the PLD process.
Fig. 6. XRD patterns of PZT (Zr/Ti=53/47) thin films deposited on

(a) Pt/Ti/SiO2/Si, (b) PZT(sol–gel seed)/Pt/Ti/SiO2/Si and (c) LSCO/

SiO2/Si substrates.
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strate materials. During the PLD processing, the oxygen
partial pressure (PO2

) strongly affected the crystallinity
and stoichiometry of the thin film. In particular, the
preferred crystallographic orientation of the thin film
contributed significantly to the piezoelectric response.
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