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Abstract

Lead zirconate titanate [Pb(Zrg 5,, Tig 45)O3 (PZT)] films were grown by sol—gel process on nickel and hastelloy foils. PZT perovskite phase was
obtained at 650 °C annealing condition and surface topography showed uniform and dense microstructure. The characterization on dielectric
properties indicates that diffusion of foil elements into the PZT and the formation of low capacitance interfacial layer occur during process. In order
to reduce the diffusion effect of foil element and/or interfacial layer, barrier layers such as Ru(RuQO,) and LaNiOj; layers were utilized on foil
substrates. The increase of grain size was observed in PZT films grown on barrier layers. Dielectric properties are greatly improved without

degrading ultimate dielectric breakdown strength.
© 2007 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Lead zirconate titanate (PZT) is ferroelectric oxide ceramic
whose excellent dielectric, piezoelectric, and ferroelectric
properties make it very interesting for a large number of
applications [1]. Integration of PZT films on base metals can
provide an important extension of ferroelectric ceramic oxide
into various devices such as capacitive components, sensors and
actuators [2,3]. With respect to capacitor application, factors
desired for improving capacitor technology include higher
capacitance density, higher dielectric breakdown strength,
decreased electrical and thermal losses, improved reliability,
and lower-cost electrode materials. One attractive approach to
achieve these enhancements is to utilize thin film ferroelectric
materials as the dielectric. Thin film dielectric layers can
exhibit improved materials uniformity, higher density, and
smoother electrode—dielectric interfaces, all of which can lead
to higher breakdown strength. Additionally, the extremely fine
microstructure typical of thin films, coupled with mechanical
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clamping of the dielectric thin film by the substrate, can result
in improved temperature stability. Thin film technologies can
also reduce device footprints and permit integration directly
onto micro-circuitry. The integration with base metal substrates
provides cost effective engineering process by replacing high
cost of oxidation resistant electrodes such as Pt, Ag—Pd, and
Au. However, development of thin film integration on metallic
substrates has been complicated by oxidation of the base metal
electrode [4-7].

In this paper, we report the Pb(Zr 52, Tig45)O3 (PZT) films
on nickel and nickel-based alloy, i.e. hastelloy foils prepared by
sol-gel process. Electrical and structural properties of PZT
films on foil substrates were examined with an emphasis on the
effect of barrier layers.

2. Experimental

Pb(Zrg 50, Tig45)O3 (PZT) films were prepared by sol-gel
process. Sol-gel process was chosen due to its technical
advantages such as cost effective coating, ease of chemical
composition control, and large area coverage. Lead acetate
trihydrate [Pb(O,C,H3),-3H,0], titanium isopropoxide
[(Ti(OC5H5)4], and zirconium n-propoxide [Zr(OC3;H;)4] were
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used as starting precursors. 2-Methoxyethanol was used as a
solvent for all precursors. Mole concentration of solution for
coating was 0.5 mol, and Zr to Ti ratio was set to 0.52-0.48. PZT
layers were prepared by spin-coating the stock solution onto
metallic foils at 2500 rpm for 30s. Each PZT layer was
pyrolyzed at 450 °C for 10 min. After two layers were deposited
(~225 nm) and pyrolyzed, the film was annealed at 650 °C for
8 min through direct insertion into a tube furnace. Final
annealing after obtaining the desired film thickness was
performed at 650 °C for 20 min in air to ensure full trans-
formation into the perovskite phase. Nickel and hastelloy C-276
were used as substrates after polishing surfaces of 500 pm foils.
Either of two barrier layers, LaNiO; or Ru, was deposited on bare
foil surface prior to deposition of the PZT film. LaNiOj; layers
were deposited by sol—gel process. Lanthanum nitrate and nickel
acetate were dissolved in 2-methoxyethanol. The deposited
LaNiO; films were annealed at 600 °C for 30 min, and were
nominally 150 nm. Ru layers were coated by sputter deposition
at room temperature with a thickness of about 100 nm.

For electrical characterization, 100 nm thick platinum top
electrodes were deposited by e-beam evaporation to define
750 wm diameter capacitors. Dielectric properties such as
dielectric constant and loss tangent (tan §) were measured using
an HP 4192A impedance analyzer with an oscillation signal of
0.1Vrms at 10 kHz. The dielectric breakdown strength and
leakage current were measured using a Keithley 237 source-
measurement unit. The surface morphology of the films was
characterized by scanning probe microscope (SPM, JEOL JSM-
700F). Phase identification was assessed by X-ray diffraction
(XRD) utilizing Cu Ka radiation. The thermal properties of the
gel powders were analyzed using differential scanning calori-
meter/thermo-gravimetric analysis (DSC/TGA, Rheometric
Scientific STA1500), with heating rate of 10 °C/min.

3. Results and discussion

Fig. 1 presents the DSC and TGA spectra of the dried
Pb(Zrg 52, Tig48)O03 (PZT) gel powders. The initial 3% weight
loss which occurs from room temperature to 160 °C is
attributed to the evaporation of solvents such as water and
alcohol. This is also accompanied by a broad and weak
endothermic DSC peak. The following weight loss from 160 to
420 °C is mainly due to the removal and decomposition of
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Fig. 1. DSC/TGA spectra of PZT gel powders.
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Fig. 2. X-ray diffraction patterns of PZT films deposited on nickel and hastelloy
foil substrates.

organic groups. The peak around 270 °C in DSC curve is
responsible for such reaction. The peak around 390 °C can
correspond to the combustion reaction of organic compounds
remaining up to this temperature. Broad exothermic DSC peak
above 430°C can correspond to the crystallization of
amorphous PZT. For the entire thermal process, the percentage
of mass reduction ranged up to 28%.

Fig. 2 shows XRD plots of 0.9 wm thick PZT films deposited
on nickel and hastelloy foil substrates. All diffraction peaks
from the films were indexed as perovskite phase and substrate.
Pyrochlore phase could not be identified in XRD data, and
peaks corresponding to other metal oxide phase were not
noticeable within the detection limit although interfacial oxide
layers are expected to form in these films [4,8]. PZT films
exhibit the polycrystalline with the strongest intensity of the
(1 10) reflection and no significant difference was observed
between nickel and hastelloy substrates. Fig. 3 shows the
surface morphologies of the crystallized PZT films on nickel
and hastelloy substrates. These surface topography show
typical lateral surface grain size of around 70 nm and relatively
conformal coverage under optimized sol-gel process.

Fig. 4(a) illustrates room temperature dielectric constants
and loss tangents of 0.9 pm thick PZT films as a function of dc
bias at 10 kHz. Values of the dielectric constant and loss tangent
of PZT(52/48) on nickel and hastelloy were similar compared
with those of PZT films deposited on metallic substrate [5,6].
However, when compared with those of PZT films deposited on
platinized silicon substrates, dielectric constant exhibited lower
values. This is attributed to the formation of an interfacial layer
and diffusion of Ni, Cr, or Fe into PZT films. It is reported that
the secondary phase such as Pb,(CrO4)O was formed at the
interface between PZT film and hastelloy substrate during
annealing [8]. The effect of these deleterious processes on
the total capacitor dielectric response can be evaluated by
considering the series capacitor model. When the thickness
variation in the dielectric constant is fitted to such a model, the
measured capacitance of the film is expected by
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Fig. 3. Surface topography of PZT films on (a) nickel and (b) hastelloy.

where Cppeass Cohulks aNd Ciperface are referred to the measured,
bulk, and interface capacitance, respectively. If the interfacial
layer thickness diyerface 1S independent of the total thickness d,
then the equation is given by
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Fig. 4. (a) The dielectric constants and loss tangents of PZT films deposited foil
substrates and (b) d/e plots of PZT films on nickel foils and platinized silicon
substrates. Film thickness is 0.9 pm, and pyrolyzed at 450 °C and annealed at
650 °C.
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Film thickness is 0.9 wm, and pyrolyzed at 450 °C and annealed at 650 °C.

It is wusually assumed that either &pu > €interface O
diutk > dinerfaces giving a linear relationship between d/eqeas
and d with a slope of /ey and y-axis intercept of diperface/
Einterface- F1g. 4(b) compares the inverse dielectric constant of
PZT films deposited on nickel foils and on platinized silicon
substrates. The y-axis intercept values of PZT films on nickel
and platinum substrate were 3 X 1072 and 0.12 x 1073 pm,
respectively. The bulk dielectric constants of PZT on nickel and
platinum substrate, calculated from this plot, were 330 and
1520, respectively. This result indicates the extent of foil
element diffusion into PZT, which lowered bulk permittivity.
Another feature observed for PZT/Ni (alloy) foils was a more
hysteretic response in the dielectric constant—voltage curves.
For example, 0.9 wum PZT on Pt/SiO,/Si shows a switching
voltage around 2 V. However, PZTs on nickel or hastelloy show
a switching voltage of around 6.5 V as shown in Fig. 4(a). This
may also be attributed to the incorporation of foil element into
PZT due to the diffusion during annealing. It is known that Ni,
Cr, Fe elements can act as a hard doping of the PZT and increase
the coercive voltage [9]. Low-K interfacial layer is also con-
sidered as reason for varying apparent switching voltage.

In order to prevent the diffusion between ferroelectric
materials and metal foil substrates, barrier layers such and Ru
and LaNiO; were used. Fig. 5 shows XRD patterns of 0.9 um
thick PZT films on nickel and hastelloy heterostructure foil
substrates. Peaks from the PZT pervoskite phase, barrier layer
of either LNO or RuO,, and the substrate are present. PZT films
deposited on the Ru-coated foil shows RuO, peak, indicating
transformation of Ru into RuO; during thermal annealing of the
PZT films. Orientation of PZT films on Ru(RuO,) barrier layers
show (1 10) orientation similar to plain nickel or hastelloy
substrates, while PZT(52/48) films on LaNiO5-coated foil show
(1 0 0) orientation. Such orientation is due to the formation of
PZT phase is favored by nucleation and growth on underlying
(1 0 0)-oriented LaNiO; layers. The effect of barrier layers on
microstructure of PZT films was characterized as shown in
Fig. 6. The increase of grain size was observed for PZTs with
Ru and LaNiO; compared with those on foils without barrier
layers. Typical grain size of 0.9 wm thick PZT films was around
120-150 nm.
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Fig. 5. X-ray diffraction patterns of PZT films with barrier layers (film
thickness is 0.9 wm, pyrolyzed at 450 °C and annealed at 650 °C, Ha. = Has-
telloy).

Room temperature dielectric constants and loss tangents
were measured as a function of dc bias as shown in Fig. 7.
Compared with values in Fig. 4(a), the dielectric properties
are greatly improved in the films with barrier layers. The zero

field dielectric constants of PZTs with the Ru barrier on
nickel and hastelloy foils were 945 and 1015, respectively.
Loss tangents for those films were around 6.5-7.6%. In case
of LaNiO; barrier, the dielectric constants were 785 for
nickel and 870 for hastelloy, and loss tangents were 4%
and 5.3% for nickel and hastelloy foils, respectively. It is
found that the utilization of barrier is very effective to
improve dielectric properties by preventing diffusion of foil
elements.

The ultimate dielectric breakdown strength under elec-
trical bias were characterized for 0.9 pm thick PZT(52/48)
films deposited on plain nickel foils with and without barrier
layers as shown in Fig. 8. The breakdown voltages were
145V (1.61 MV/cm) for PZT/nickel, 140 V (1.56 MV/cm)
for PZT with Ru(RuQO,)/nickel, and 113V (1.25 MV/cm)
LaNiOgs/nickel. All values were much higher compared with
bulk PZT ceramics (1 MV/cm) which is estimated from an
empirical equation reported by Gerson and Marshall [10].
Such higher ultimate breakdown strength can be due to the
uniform microstructure and high density of films produced
by homogeneous chemical solution deposition. Slightly
larger values observed in PZTs without barriers may be
due to diffusion of foil elements such as Ni and/or Cr, which
probably affects the donor doping effect on PZT films. In
addition, voltage drop through interfacial layer may lead

Fig. 6. Surface topography of 0.9 wm thick PZT films with Ru(RuO,) on (a) nickel and (b) hastelloy and with LaNiO; on (c) nickel and (d) hastelloy.
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Fig. 7. The dielectric constants and loss tangents of PZT films with barrier
layers as a function of dc bias: (a) Ru(RuO,) and (b) LaNiO;.
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Fig. 8. Leakage current dependence on applied voltage of PZT films deposited
on nickel foils with and without barrier layers.

to less voltage into the ferroelectric PZT layers, which
results in higher breakdown voltage for the PZT without
barrier layers. The incorporation of conductive oxide as
barrier layers such as RuO, and LaNiO; was found to
improve the dielectric properties without degrading break-
down field.

4. Conclusions

Ferroelectric Pb(Zr( 57, Tig.48)O3 (PZT) films were grown by
sol-gel process on nickel and hastelloy foil substrates. Under
optimal annealing conditions to form perovskite phase from
PZT sol-gel, surface topography showed uniform and dense
microstructure with average grain size of around 70 nm at the
film thickness of 0.9 wm. The dielectric constants of PZT films
on foil substrates exhibited the values ranging from 170 to 180,
and the loss tangents showed around 2.6-5%. It is considered
that the diffusion of foil elements into the PZT and formation of
low capacitance interfacial layer can be responsible. Dielectric
properties were significantly improved by utilizing barrier
layers such as RuO, transformed from Ru during annealing and
conductive oxide electrode LaNiOs5. The increase of grain size
was observed in PZT films with barrier layers. Ultimate
breakdown strength of sol—gel processed PZT films was higher
than that of bulk counter part. Therefore, sol-gel PZTs
employing barrier layers is one potential process for achieving
high performance ferroelectric films on base metal foil
substrates for high performance capacitor fabrication.
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