In situ deposition of epitaxial PbZr,Ti; _,,O; thin films by pulsed

laser deposition
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Epitaxial thin films of PbZr,Ti(, _ )O3 (PZT) with 0<x<0.6 have been deposited in situ by
pulsed laser deposition from stoichiometric targets onto (100) oriented single crystals

of MgO and SrTiO;. Film composition was extremely sensitive to the substrate temperature
and the oxygen deposition pressure. In a high (200-300 mTorr) oxygen ambient, phase-
pure (100) oriented PZT films (x = 0.54) were formed at a substrate temperature of 550 °C
on SrTiO;. On MgO, competition between formation of the ferroelectric phase and a
nonferroelectric (pyrochlore) phase was observed for compositions near the morphotropic
phase boundary (x~0.54). Polycrystalline PZT films which were 70%-90% PZT

were also deposited on Pt coated Si and GaAs under similar conditions.

Ferroelectric films offer the potential for important de-
vice applications (see review by Francombe and
Kishanaswany') including transducers, infrared detectors,
visual displays, and of considerable recent interest, in ra-
diation-hard nonvolatile random access memories
(NVRAM).>™ Ferroelectric materials with a high dielec-
tric constant and large piezoelectric, pyroelectric, electrop-
tic coefficients and large remnant polarization are desirable
for these applications, respectively. For PbZr,Ti(; _ 1,03
(PZT), a number of these properties are maximized near
the phase boundary separating the rhombohedral (Zr-
rich) and tetragonal (Ti-rich) crystallographic phases®
(i.e., the morphotropic phase boundary) which occurs at a
composition corresponding to x=0.54.%7 Successful mono-
lithic implementation of ferroelectric thin films in useful
devices will require high quality thin films (i.e., phase pure
and in some cases oriented) on technologically useful sub-
strates such as metals or semiconductors. An in sity dep-
osition technique for these complex materials is desirable
since post-processing of amorphously deposited material
requires high substrate temperatures and routinely leads to
the production of large angle grain boundaries, impurity
phases and randomly oriented material. Pulsed laser dep-
osition (PLD) has emerged as an excellent technique for
the deposition of thin films of perovskite materials (e.g.,
high temperature superconductors®) and recently to ferro-
electric materials such as Bi, Ti;0,,’, BaTiO;.!% " In addi-
tion, papers have recently been published on the deposition
of PbZr, Ti(y _ x)03.‘4“'9 In this letter, we report the in situ
deposition of epitaxial thin films of PbZr,Ti(, _ ,,O; for
various compositions (x =0, 0.40, 0.50, 0.54, and 0.6)
onto (100) MgO and (100) SrTiOQ; substrates and the
deposition of randomly oriented PZT onto Pt coated sub-
strates of Si and GaAs by PLD.

The PLD apparatus used has been described
previously.'® Briefly, the output from a KrF excimer laser
(300 mJ/pulse at 248 nm) operating at 5 Hz was focused
onto a PZT target to an energy density of ~2 J/cm?. The
vaporized material was deposited onto a substrate posi-
tioned ~4 cm away. The substrate was thermally attached
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with silver paint to a substrate stage which was heated by
a quartz halogen projector lamp. The substrate tempera-
ture was monitored with a chromel-alumel thermocouple
gauge embedded in the heated substrate block. The mea-
sured temperature, as reported in this paper, represents the
block temperature which is higher than the actual sub-
strate surface temperature by an estimated 25~50°C at a
block temperature of 600 °C. Films were deposited in an
oxygen ambient at pressures up to 300 mTorr. Typically,
5000 laser pulses yielded films that were ~ 1.0 um thick.

PbZr,Ti(; _,)O; targets were made from stoichio-
metric quantities of the metal oxides PbO, ZrO,, and
PbTiO; for x = 0.40, 0.50, 0.54, and 0.60. PbT10, was used
for x = 0 and a commercial target purchased from Cerac
was also used for x = 0.54, Pellets were pressed from the
mixed oxide powders to ~ 34 000 psi and then annealed for
one hour at 500 °C in flowing oxygen (50 sccm) and cooled
slowly to room temperature at 1°C/min. Several pellets
were further sintered at 1300 °C to induce a solid state
reaction. The target composition was analyzed by x-ray
fluorescence (XRF) to determine the relative Pb/Zr/Ti
ratio.

Films were deposited onto (100) MgO and (100)
SrTiO; substrates as a function of substrate temperature
and oxygen deposition pressure. In comparison with other
materials that have been deposited with this technique,
e.g., YBa,Cu;04 _ s, scanning electron microscope (SEM)
images indicated that the PZT films had a smooth surface
composed of grains on the order of 50 nm wide. Less than
1% of the surface was covered by 0.1-1.0-um particulates.
No significant change in particle size or density was ob-
served when the energy fluence was varied from 1 to 4
J/cm?. Particle density, normalized to film thickness, was
estimated as ~ 1000/cm? per A of film.

Film composition was determined from elastic back-
scattering spectrometry (EBS) using 6.2-MeV He? *. This
energy allows complete separation of the metallic compo-
nents in the films. As a function of substrate temperature
and oxygen deposition pressure, the Zr and Ti metal frac-
tions in the films were constant and identical to the target
composition but the Pb metal fraction was extremely sen-
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FIG. 1. The Pb metal fraction for thin films deposited from a commercial
PZT target (x = 0.54) as a function of substrate temperature at several
oxygen deposition pressures. Following deposition, the films were cooled
to room temperature in 1 atm of oxygen.

sitive to the deposition conditions. Films deposited at high
substrate temperatures (>400°C) and a low (<100
mTorr) oxygen ambient were lead deficient. In bulk pro-
cessing of PZT, it has been shown that Pb loss occurs by
volatilization of PbO at high temperatures and special pre-
cautions must be taken to maintain the correct Pb
stoichiometry.?®

Shown in Fig. 1 is the Pb metal fraction, determined by
EBS, for PZT films deposited by PLD on MgO and SrTiO;
substrates versus the measured substirate temperature for
several oxygen deposition pressures. Following deposition,
the pressure inside the chamber was raised to 1 atm of
oxygen in about 1 min (oxygen quench) at the same time
the substrate heater was turned off. At room temperature,
vacuum (10~ ® Torr) deposition of PZT from the commer-
cial target (x = 0.54 yielded films of a stoichiometric metal
composition. However, as the substrate temperature was
increased, the lead metal fraction decreased. At 550 °Cin a
vacuum, the lead metal fraction in the deposited film was
~20% of the value obtained for a room-temperature sub-
strate. Closer inspection of films grown at 550 °C revealed
that the lead content of the film increased systematically as
the background pressure of oxygen was raised. For films
deposited at a substrate temperature of 550 °C the Pb metal
fraction increased from 0.1 in 10~ ° Torr to 0.42 in 50
mTorr. The Pb metal fraction reached the ideal composi-
tion of 0.50 (within the accuracy of the measurement) at
200-300 mTorr of oxygen. The change in the metal frac-
tion at 550 °C as a function of the oxygen ambient from
vacuum to 300 mTorr is also shown in Fig. 1 by the solid
vertical line. The observed improvement in Pb content in
films deposited at higher oxygen pressures is likely the re-
sult of a combination of effects related to both the vapor
pressure of PbO and thermalization of the vaporized ma-
terial as a result of vapor/ambient-gas-atom collisions.
However, when an Ar ambient at 300 mTorr was used
during deposition at a substrate temperature of 550°C, a
Pb metal fraction of only 0.06 (Pb deficient) was measured
in the deposited film.

X-ray diffraction (XRD) of the PZT films was per-
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FIG. 2. X-ray diffraction pattern from a PZT film {( ~4300 A, x= Q.54
deposited on (100} SrTiO; at 550°C in 200 mTorr of oxygen. The 00/
lines are labeled and § corresponds to the substrate.

formed using a 12-kW-rotary-anode generator with a Cu
target, a 8/28 diffractometer, and a curved graphite mono-
chromator. XRD showed that stoichiometric films
(x=0.54) deposited at low substrate temperatures
(25°C<T<250 °C) were amorphous. Isochronal annealing
of the amorphous films indicates that crystallization oc-
curred at around 550°C. The phase produced was ran-
domly oriented and consistent with a pyrochlore®! struc-
ture which is paraelectric (nonferroelectric). Further
annealing at 600 °C resulted in crystallization of another
phase with a pseudocubic perovskite structure. A lattice
parameter ¢ = 4.08 A was determined, nominally in agree-
ment with what is expected from PZT at this
composition.?? The perovskite phase in these post-annealed
films was randomly oriented.

XRD of films deposited at elevated substrate temper-
atures between 350 and 700 °C also showed the presence of
the perovskite and nonferroelectric (pyrochlore) phases.
These phases exhibited preferred (100) and (111) orien-
tations. XRD of PZT films deposited on (100) MgC and
(100} SrTiO; by PLD at substrate temperatures between
250 and 650 °C exhibited a correlation between ferroelec-
tric phase content and Pb composition. The diffraction pat-
terns indicated that lead deficient films contained predom-
inantly the nonferroelectric, pyrochlore phase. As the
oxygen deposition pressure was increased (concurrently
raising the Pb metal fraction of the deposited film} the
pyrochlore phase was reduced in favor of the perovskite
phase although it could not be completely removed in sto-
ichiometric films deposited onto MgO. However, this was
not the case on SrTi0;. The XRD spectrum of a PZT film
(~4300 A, x = 0.54) deposited on {100} SrTiO; at 550 °C
in 200 mTorr of oxygen, shown in Fig, 2, indicates that the
film is single phase (100) oriented PZT. Stripping out the
Cug,, component, the {200} peak was split into two com-
ponents with d spacings of 4.100 and 4.081 A. These values
are consistent with both the rhombohedral and tetragonal
phases of PZT at this composition.”? PZT films which were
(100) oriented were also grown on (100) MgO at 550°C
in 300 mTorr of oxygen containing nearly phase-pure per-
voskite-structure material for compositions off the
morphotropic phase boundary (0<x<0.60). At lower
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substrate temperatures (350-500°C) for these composi-
tions, the pyrochlore phase dominated the film structure.

Electrical characterization and ultimately the use of
PZT films in electronic applications requires PZT to be
deposited onto conducting substrates. We deposited PZT
onto Pt-coated substrates of GaAs and Si under similar
conditions as were used for MgO and SrTiO;. The Pt coat-
ing on these substrates required intermediate layers includ-
ing Ti to enhance adhesion. On Si the intermediate layers
were Pt/Ti/TiW/SiO, with Pt and Ti layer thicknesses of
1000 and 1500 A, respectively. On GaAs the intermediate
layers were Pt/Ti/W/Si-O-N with Pt and Ti thicknesses of
~1300 and 175 A, respectively. The Pt layer was fiber
textured (rocking curve widths Aw~ 10°) and resulted in
PZT films that were polycrystalline. XRD analysis of PZT
(x = 0.40, 0.54, 0.60) films deposited on Pt-coated Si at
T ubstrate <550°C in 300 mTorr of oxygen indicated that
the films were primarily pyrochlore. A similar result was
obtained for Pt-coated GaAs. However, at a slightly higher
temperature (600 °C) the perovskite phase was stabilized.
From the diffraction data, it was estimated that the perov-
skite phase was from 70% to 90% of the crystalline mate-
rial on Si and GaAs, respectively. At 650 °C, diffusion of
the Ti into the Pt layer was observed by EBS and reacted
compounds were observed by XRD. In addition, films de-
posited at this temperature contained less perovskite rela-
tive to pyrochlore.

In summary, epitaxial PZT films were deposited in situ
onto (100) MgO and SrTiO; by pulsed laser deposition
from stoichiometric targets. The stability of the perovskite
phase in the deposited film was found to be extremely sen-
sitive to the Pb metal fraction in the film. Pb deficiencies
could be minimized by depositing in a high pressure of
oxygen (300 mTorr). At 550 °C in 300 mTorr of oxygen,
phase pure oriented PZT films were deposited on SrTiO,
(at x = 0.54) and on MgO (for 0<x<0.60). However, at
compositions near the morphotropic phase boundary and
for MgO substrates subtle differences in deposition condi-
tions occasionally led to formation of the nonferroelectric
pyrochiore phase. At substrate temperatures between 350
and 500 °C, the pyrochlore phase dominates the film struc-
ture. Polycrystalline PZT (x = 0.54) films were deposited
at 600 °C on Pt-coated GaAs and Si which contained 70%—
90% perovskite phase. Further experiments are in progress
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to determine the effects of film phase purity and orientation
on the electrical properties.
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