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Studies on Ferroelectric Properties of Sol-Gel Derived
Pb„Zr0.53Ti 0.47…O3 Using Ba0.5Sr0.5RuO3
as the Conductive Electrodes
Y. K. Wang,a C. H. Huang,a T. Y. Tseng,a,z and Pang Linb

aDepartment of Electronics Engineering and Institute of Electronics, andbInstitute of Materials Science
and Engineering, National Chiao Tung University, Hsinchu 30050, Taiwan

Pb~Zr0.53Ti0.47)O3 ~PZT! thin films with a ~110! preferred orientation were prepared on Ba0.5Sr0.5RuO3 (BSR!/Ru/SiO2 /Si sub-
strates using a sol-gel method. The oxide bottom electrode, BSR, was fabricated at various temperatures on Ru/SiO2 /Si substrates
by rf sputtering. The annealed PZT films on BSR/Ru/SiO2 /Si substrates exhibited improved crystallinity. The electrical properties
of PZT films, such as the electric field~E! induced variations of the leakage current density, the dielectric constant, and the
polarization were strongly dependent on the processing temperatures of the PZT films as well as the bottom oxide electrode. A
typical PZT thin film annealed at 650°C on the BSR electrode, which was deposited at 450°C on the Ru/SiO2 /Si substrate by a
sputtering technique, has a leakage current of 2.73 1027 A/cm2 at an applied electric field of 500 kV/cm and a dielectric constant
of 968. From the polarization-electric field characteristics, the remanent polarization and coercive field of the PZT were found to
be 38.9mC/cm2 and 59.6 kV/cm, respectively, at an applied voltage of 5 V. The PZT films exhibited fatigue-free characteristics up
to ;1.0 3 1012 switching cycles under 5 V bipolar pulses.
© 2004 The Electrochemical Society.@DOI: 10.1149/1.1667522# All rights reserved.
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Pb~Zr,Ti!O3 ~PZT! thin films have attracted attention becaus
the excellent ferroelectric properties, which can be exploited
applications in nonvolatile random access memories~NVRAMs!
and dynamic random access memories~DRAMs!.1-4 However, many
reports have indicated that the PZT thin films have serious fa
problems when deposited on metal electrodes because of the
dation of the film/electrode interface, which results in a relati
shorter number of switching cycles.5-7 The conductive metallic ox
ide electrodes, such as RuO2 ,8 IrO2 ,9 (La0.5,Sr0.5)CoO3 ,10 BaRuO3

~BRO!,11 SrRuO3 ~SRO!,12 and BaxSr12xRuO3 ~BSR!,13 have bee
found to improve the fatigue properties of the PZT capacitors.
polarization fatigue, which arises out of repeated switching cy
gets suppressed at a ferroelectric film/oxide electrode hetero
ture as the oxide electrodes act as sinks for the oxygen vaca
The selection of electrode materials will also affect the micros
ture and the electrical properties of the thin films. Moreover,
perovskite oxide electrodes should have similar lattice param
and crystal structure with PZT thin films as these character
decide the formation of the chemically and thermally stable P
perovskite oxide electrode interface, which eventually enh
the ferroelectric characteristics of PZT films.14 However, it is very
difficult to deposit preferentially oriented PZT or BSR films
silicon substrates. In most of the studies on epitaxial PZT
BSR thin films, the films were deposited on SrTiO3 ~STO! or
LaAlO3 ~LAO! substrates.15-17 In our earlier study,18 the ~110!-
oriented SRO oxide electrodes were deposited on an Ru/SiO2 /Si
substrate at a low temperature, subsequently~110!-oriented PZT
were grown on SRO(110)/Ru/SiO2 /Si substrates. The PZT films
SRO(110)/Ru/SiO2 /Si exhibited improved ferroelectric properti
Obviously, the enhancement in the ferroelectric properties of
deposited on the perovskite oxide electrodes can be obtaine
would be of interest for future ferroelectric memory applicatio
However, in our previous study, a detailed investigation of struc
and ferroelectric properties was not carried out. In this study
prepared highly oriented~110! PZT thin films on conducting oxide
namely (Bs,Sr!RuO3 ~BSR!, as bottom electrodes. Thin films
BSR with ~110! preferred orientation were sputter-deposited
Ru/SiO2 /Si substrates. The structure and the ferroelectric prope
of PZT films were studied in detail.
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Experimental

The initial attempt to prepare the BSR target through a solid-
reaction using stoichiometric amounts of a RuO2 , SrCO3 , and
BaCO3 mixture as the starting materials was not successful. S
quently, BaRuO3 and SrRuO3 were prepared separately throug
solid-state reaction using BaCO3 , SrCO3 , and RuO2 as starting ma
terials and then mixed and different ratios of the end members
to form the BSR solid solution were calcined. The experime
conditions employed for the synthesis of BRO and SRO phase
be summarized as follows: stoichiometric amounts of RuO2 and
BaCO3 were mixed in a ball mill and calcined at 1000°C for 4 h
from single-phase BaRuO3 ~BRO! powder. Similarly, the single
phase SrRuO3 was prepared from high purity RuO2 and SrCO3
powders by calcining the well-mixed reactant mixture for 4 h at
1250°C. The phase formations of both end members were confi
by X-ray diffraction ~XRD!. In order to prepare the solid-soluti
target, BSR, with the desired composition, Ba0.5Sr0.5RuO3 , the sto
ichiometric amounts of BRO and SRO were mixed in a ball
followed by calcination at 1500°C. However, the XRD characte
tion of the 1500°C calcined powder did not confirm the formatio
the BSR phase. Finally, the BSR target was fabricated by m
different ratios of well-crystallized BRO and SRO phases. In
experiments, we used the low-temperature calcined~600°C, 4 h
mixture of BRO and SRO powders as the target material. Bas
XRD results~not shown here!, such a 600°C calcined powder ta
is the mixture of BRO and SRO phases.

The BSR thin films were deposited on Ru/SiO2 /Si(100) sub
strates at various temperatures by rf magnetron sputtering. The
mally oxidized silicon dioxide layer (SiO2 , 100 nm thick!was em
ployed to suppress the reaction between Ru and silicon. The 5
thick Ru metal films were deposited at 400°C using rf sputte
The deposition conditions and the resultant thicknesses of R
BSR films are listed in Table I. The PZT films with a thicknes
200 nm were grown by a sol-gel method. The annealing of the
was performed in a tube furnace at various temperatures ra
from 500 to 700°C under O2 atmosphere. The BSR top electro
with an area of 4.93 1025 cm2 were sputter deposited onto the P
films at room temperature, and then thermally treated at 400°
10 min to reduce the interface defects during sputtering. The
tallinity of the films was examined by XRD~Siemens D5000!, wit
Cu Ka radiation. The surface morphology and the microstruc
were observed by using atomic force microscope~AFM, Digital
Instruments Nanoscope III! and scanning electron microsco
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~SEM, Hitachi S-4700!, respectively. The capacitance-voltage~C-V!
characteristics were measured with an impedance-gain-phas
lyzer ~Hewlett-Packard, HP, 4194A! at 100 kHz. The current-voltag
(I -V) measurements were performed by using a semiconducto
rameter analyzer~HP4156B!. The ferroelectric properties of
films were measured using a RT66A ferroelectric tester~Radian
Technologies, Inc.!.

Results and Discussion

Figure 1 shows the XRD patterns of BSR films deposited
Ru/SiO2 /Si substrates at various temperatures. The deposited
films have a preferred~110! orientation with the well-defined pea
appearing at deposition temperatures as low as 300°C, and th
intensity of ~110!-oriented BSR films increases with increas
deposition temperature. Similar results were observed whe
SRO was deposited on Ru/SiO2 /Si substrates.18 We also observe
the ~110! peak of the RuO2 phase for the films deposited at 450
due to the oxidation reaction at the interface between BSR and
high deposition temperature. The additional peak correspondi
Ru~100!appears at deposition temperatures in the range from 4
500°C.

The XRD patterns of the PZT films deposited on BSR~450°C
deposited!/Ru/SiO2 /Si substrates and annealed at tempera
ranging from 400 to 700°C are shown in Fig. 2. A strong~110!
preferred orientation appeared in PZT films annealed at 450°C
this preferred orientation is further enhanced by increasing th
nealing temperature up to 700°C. We observed from our XRD

Figure 1. XRD patterns of BSR films deposited on Ru/SiO2 /Si substrates a
the various temperatures indicated.

Table I. The deposition conditions and thicknesses of Ru and
BSR films.

Films Ru BSR
Target Metallic Ru SRO and BRO

packed powder
Substrate temperature 400°C 300-500°C, room temper
Sputtering gas Ar Ar/O2 5 3/1
RF power~W! 100 100
Working pressure~mTorr! 10 10
Film thickness~nm! 50 300
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sults, that the PZT-~110! films crystallized on the 300°C deposi
BSR electrodes. The~110!-oriented BSR bottom electrode co
enhance the crystallization of PZT films to form the preferred
entation of~110!. In addition, all of the XRD patterns of PZT film
annealed at high temperature could find the~110! orientation o
RuO2 even though the bottom electrode was deposited at lowe
450°C. The XRD patterns of the BSR films, which were depo
on Ru/SiO2 /Si substrates at various temperatures and then fu
annealed at 600°C in O2 , that is, the same heat-treatment with P

Figure 2. XRD patterns of PZT films deposited on 450°C-gro
BSR/Ru/SiO2 /Si substrates and annealed at the various temperature
cated.

Figure 3. XRD patterns of BSR films deposited on Ru/SiO2 /Si substrates a
the various temperatures indicated and then furnace-annealed at 600°C
O atmosphere.
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films, are indicated in Fig. 3. It appears the RuO2(110) and the
Ru~100!peaks in addition to the BSR~110! and the Ru~002!peaks
The formation of RuO2 is attributed to the interface reaction b
tween Ru and BSR leading to oxidation of the Ru at high anne
temperatures. The RuO2(110) and the Ru~100!formation would no
affect the crystallization of the PZT films, because the BSR cry
lization directly influenced the PZT thin-film growth.

The dielectric constant and the loss tangent of the PZT films
function of the annealing temperature and BSR electrode depo
temperature are depicted in Fig. 4. The dielectric constant an
loss tangent increase with the increase in annealing temperat
the PZT films and deposition temperature of the BSR bottom
trodes. When the annealing temperature is lower than 450°C
dielectric constants of the PZT films are small because the
amorphous. When the annealing temperature is higher than 4
the PZT films are well crystallized and have high dielectric c
stants. The high dielectric constant for the high-temperature
nealed PZT films is attributed to better crystallinity, larger grain s

Figure 4. Dielectric constant and loss tangent of PZT thin films anneal
various temperatures on the BSR bottom electrodes deposited at v
temperatures.

Figure 5. SEM images of PZT films deposited on the 450°C-gro
BSR/Ru/SiO2 /Si substrates annealed at~a! 600, ~b! 650, ~c! 700, and~d!
750°C.
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and higher polarization of the highly oriented films. The evidenc
high annealing temperature enhancement of the grain growth
PZT films is shown in Fig. 5. On the other hand, the better cry
lization of the BSR bottom electrodes could enhance the crysta
tion of the PZT films and consequently increase their dielectric
stants. Figure 6 shows the leakage current density of the PZT
deposited on BSR~450°C deposited!/Ru/SiO2 /Si substrates. Th
symmetry of the curves indicates the same structure and mater
both the top and the bottom electrodes. The leakage current d
of the PZT film annealed at 400°C has a low value of 53 10210

A/cm2 at 750 kV/cm because of its amorphous nature, wherea
700°C-annealed PZT has a high leakage current of 1.33 1026

A/cm2 at the same electric field. The leakage current increases
elevated annealing temperature, because the column grains a
ily grown in the PZT films at high temperatures~Fig. 7!, which
supply short-circuit paths under the applied bias. The interface

s

Figure 6. The I -V characteristics of PZT thin films deposited on the 450
grown BSR/Ru/SiO2 /Si substrates and annealed at the various temper
indicated.

Figure 7. SEM cross section of the PZT film deposited on the 450°C g
BSR/Ru/SiO /Si substrate and annealed at 700°C.
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tions between BSR and PZT films might also deteriorate the
performance. In addition, lead loss easily occurs in the high an
ing temperatures, which might induce the increase of the lea
current and the loss tangent. The deposition temperature of the
electrodes also affects the leakage current of the PZT thin films
better crystallized BSR electrode would lead to the PZT films
ing a larger column grain size, which is the main cause for the l
leakage current.

The polarization-electric field hysteresis loops for the PZT fi
on the 450°C-deposited BSR electrodes, which were annea
various temperatures, are illustrated in Fig. 8. The remanent p

Figure 8. Polarizationvs. electric field characteristics of PZT thin film
deposited on a 450°C BSR bottom electrode and annealed at variou
peratures.

Figure 9. The SIMS analysis of the PZT thin film on the 450°C-depos
BSR bottom electrode and then annealed at 700°C.
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ization (Pr) of PZT films increases with an increase in annea
temperature up to 650°C, as a result of better crystallization o
PZT films. The 650°C-annealed PZT films have a relatively
value ofPr , 38.9mC/cm2. ThePr of the 700°C annealed PZT film
were lower than that of the 650°C-annealed-PZT, which may be
to the interfacial reaction between oxide and electrode. To verify
point, the secondary ion mass spectroscopy~SIMS! analysis of th
interface of the PZT/BSR heterostructure was carried out, an
result is indicated in Fig. 9. The interdiffusion between PZT film
the BSR electrode indeed occurred at the high temperatu
700°C, which results in a reduction ofPr values. We also attempt
to deposit a thin CeO2 ~15 nm! between the 700°C-annealed-P
film and the bottom electrode and then measure its hysteresis
The result in Fig. 10 indicates that thePr , 38.2mC/cm2 of 700°C-
annealed PZT films using the CeO2 buffer layer is larger than 36
mC/cm2 without the CeO2 layer. Obviously, the CeO2 provides a
diffusion barrier to reduce ferroelectric and oxide bottom elect
interdiffusion. Some studies reported that the strontium atoms
fused into ferroelectric films easily, which degrades the ferroele
properties.19 It is supposed that strontium and barium ions diffu
into PZT ~Fig. 9! have been obstructed the by CeO2 buffer layer
resulting in higherPr of the PZT film. ThePr values of the anneale
PZT films on various temperature-deposited BSR electrode
summarized in Table II. The fatigue characteristics of the 65
annealed-PZT films are depicted in Fig. 11, which indicates tha

-
Figure 10. Polarizationvs. electric field characteristic of the PZT thin fi
deposited on CeO2 ~15 nm!/BSR/SiO2 /Si substrate and annealed at 700

Table II. The remanent polarization values of various
temperature-annealed PZT films deposited on various tempera-
ture prepared BSR electrodes.

Remanent polarization
~m C/cm2!

Ba0.5Sr0.5RuO3 deposition temperature~°C!

300 350 400 450 500

PZT annealing
temperature~°C!

500 10.8 15.8 19.2 24.4 28.8
550 15.5 23.3 26.0 30.5 33.5
600 18.1 29.3 32.8 33.8 38.5
650 21.7 32.5 35.6 38.9 43.5
700 23.9 28.8 32.6 36.1 41.2
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highly ~110! oriented PZT films deposited on BSR/Ru/SiO2 /Si sub-
strates do not show any deterioration after;1012 switching cycles

Conclusions

We have demonstrated the deposition and the characterizat
the PZT thin films with a~110!-preferred orientation on BSR botto
electrodes by a sol-gel method. The bottom electrode, BSR
deposited by rf sputtering on Ru/SiO2 /Si substrates. A low leakag
current has been recorded for the PZT films annealed at lower
peratures. However, the leakage current increased for the film

Figure 11. Fatigue behavior of the 650°C-annealed PZT thin film which
deposited at 450°C on BSR/Ru/SiO2 /Si with a 100 kHz bipolar square wa
peak-to-peak fatigue voltage of 10 V.
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nealed at higher temperatures. The value of the dielectric con
and thePr were also increased with raising the annealing temp
ture up to 650°C. However, thePr value decreased on further
creasing the annealing temperature, which was attributed to
tium and barium ions diffused into PZT films. The PZT films w
fatigue-free even after;1012 switching cycles.
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