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Ferroelectric characteristics of oriented Pb  (Zr,_, Ti,) O3 films

San-Yuan Chen® and Chia-Liang Sun
Department of Materials Science and Engineering, National Chiao-Tung University, 1001 Ta-hsueh Road,
Hsinchu, 300 Taiwan, Republic of China

(Received 15 February 2001; accepted for publication 22 June) 2001

Pb, »Zr, _,Ti,)O5 (PZT) films with a variety of compositions were prepared by spin coating on
Pt/Ti/SiO,/Si substrate with sol—gel processing. The roles of compodifibasé and orientation in
ferroelectric properties of PZT films have been determined. The Zr-rich PZT films with
(11D)-oriented PZT films have a higher remanent polarization but also show a higher fatigue rate as
compared tq100)-oriented films in both Zr-rict65/39 and Ti-ricH35/69 PZT compositions. The
lower fatigue rate of(100)-oriented film can be attributed to its easier reversible domain-wall
motions compared t¢l11)-oriented PZT films due to the absence of internal field stress and less
dependence on electrical field. A mode based on domain-wall contribution instead of film—electrode
interface is favored to elucidate the role of orientation in fatigue characteristics of PZT films.
© 2001 American Institute of Physic§DOI: 10.1063/1.1394159

I. INTRODUCTION substrate, especially on Pt/Ti/Si(3i, has been not system-
atically studied and compared. Therefore, in the present
Lead zirconate titanate IP&r; _,Tiy) O5 (PZT) thin films  work, a detailed comparison of fatigue characteristics for ori-
for nonvolatile memory applications have attracted great atented PZT films is investigated. The relationships among
tention in view of their potential application in memory and composition, orientation, and fatigue characteristics of PZT

micromechanical devices® Electrical properties of PZT  thin films on PYTi/SIQ/Si substrate are also discussed.
films are strongly dependent on many parameters, including

composition, crystallographic structure, microstructure, ori-j|. EXPERIMENTAL PROCEDURE
entation, and properties of the substrate. Although the role of . _ o
these parameters in ferroelectric properties has been well iy Preparation of stock solution and fabrication
. . . . . . of thin film
vestigated, ferroelectric fatigue is a major obstacle in the
practical application of the films for nonvolatile memory ap- Following the sol-gel method proposed by Budd
plications. Ferroelectric fatigue is the loss of switchable po-et al,'® PZT films were prepared with zirconium pro-
larization with repeated polarization reversals, which is duepoxide, titanium isopropoxide, and lead acetate precursors.
to pinning of domain walls, inhibiting switching of the do- The 20 mol % excess Pb solution was used to overcompen-
mains. Many interpretations of fatigue mechanisms based osate for any Pb loss during high temperature annealing. Thin
the domain-wall pinning have been studied and prop4séd. films were fabricated on Pt11)/Ti/SiO,/Si substrates by
Several studies on the control of PZT crystal alignmentspin coating. A detailed description of tli#11)- and (100-
on various substrates and the analysis of electrical propertiggiented film process used is described elsewhefé11]
of PZT films have been report&d? However, the effect of orientation was obtained by fast heating film at 700 °C for
crystallographic orientation on fatigue characteristics of PZ10.5 h.[100] orientation can be obtained by first pyrolysis at
films has been not definitely reportétiRecently, fatigue an- 400 °C for 0.5 h and then by annealing at 700 °C for 0.5 h in
isotropy was observed in pseudocubic/rhombohedral relaxddir. A single coating generally gave a 0.11-043 crack-
ferroelectric-PbTiqQ thin films ! They revealed that fatigue free film after firing. After first-layer seeding, up to three
characteristics of HWNb,,Nb;;,]0;—PbTiO; (PYbN—PT/  additional layers were subsequently coated onto the film. Be-
SrRuG; (SRO films are strongly dependent on their crystal- tween each coating, the film was rapidly annealed at 700 °C
line orientation. (001)-oriented PYbN—PT/SRO/LAO het- for 0.1 h.
eroepitaxial thin films result in fatigue-free capacitors up to
10 cycles, while(111)-oriented PYbN—PT/SRO/STO het- B. Characterization and property measurement
erost_ruct.ures exhibit a markgd degradation of the switchable 115 orientation of the film was determined by standard
polarization by a voltage cycling. A model based on oxygen-y_o y ray diffraction (XRD) method. Microstructure and
vacancy planes was proposed to elucidate the pinning of dqpjckness of films were examined using scanning electron
main _Wal‘lsls preferentially along certain crystallographic microscopy(SEM). For the measurement of electrical prop-
direction:™ However, the role of preferred orientation in fa- ¢ies  patterned top Au electrodes were sputter deposited
tigue propertu_a_s of PZ_T thlr_l films for _both Tl-rlch and Zr-rich through a shadow mask on an area of>81® *cm? onto
PZT compositions with different orientation on one samewe p7T |ayers to define capacitors. Ferroelectric hysteresis
loops were obtained with a Radiant Technologies RT66A
dElectronic mail: sychen@cc.nctu.edu.tw ferroelectric test system, operating in the virtual ground
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FIG. 1. XRD patterns ofa) (100-oriented andb) (111)-oriented PZT65/ PZT(65/39 films are shown.

35) films are shown.

the microstructure morphology shows no obvious difference,
mode with a triangular wave with a period of approximatelyindependent of orientation type. Ti-rich PZT compositions
20 ms. A computer generated wave form consisting of alterhave lower crystallization temperatures compared to Zr-rich
nating positive and negative pulses with a pulse width of 8.6PZT compositions. This is attributed to a smaller amount of
us and a period of 3Qus was used to fatigue the samples perovskite nuclei in the Zr-rich PZT films that crystallize
with a thickness 0f0.37 um under 10 and-10 V. Most of  with more difficulty’®
the data reported here were checked for 3—5 samples and

highly reproducible. B. Hysteresis Loop

IIl. RESULTS AND DISCUSSION Figure 3 shows the hysteresis loops of Zr-rich P&/
A Struct vsi 35 and Ti-rich PZT35/65 films under different applied
- Structure analysis voltages. For the rhombohedral P@5/35, the spontaneous

Figure 1 shows XRD patterns of the PZrg 5Tig 3905 polarization Pg), remanent polarizationR;) and the coer-
films pyrolyzed at different temperatures and then directlycive field (E.) of the (111) oriented films at an applied volt-
annealed at the same temperature of 700 °C for 0.5 h. Thage of 15 V are 55.LC/cn?, 31.3uC/cn?, and 57.2 kV/cm,
PZT films after first pyrolyzed at 400 °C grew wiii00)  respectively. Thég, P, , andE_ of the (100-oriented films
preferred alignment, whereas those without pyrolysis treatare 46.7 uClcn?, 20.9 uClcn?, and 49.3 kV/cm, respec-
ment show(111)-oriented structure. Botli100 and (111) tively. Since the spontaneous polar axis is alphtyl] direc-
orientations can be obtained under appropriate heation in the rhombohedral phase, therefore, based on a same
treatment control. The orientation control is possible forelectrical field, the(111)-oriented films exhibit a higher Pr
Pby o(Zr; _,Tiy,)O5 films with different Zr/Ti ratios. Typical value compared t@100-oriented film for Zr-rich PZT65/
SEM micrographs ofl111)-oriented PZT films are presented 35) films. On the other hand, for the tetragonal Ti-rich
in Fig. 2. For Ti-rich (35/65 (111)-oriented films, a fine- PZT(35/69 films, bothP; andP, of (100)-oriented films are
grained structuréFig. 2(a)] with an average grain size about 47.3 uCl/cn? and 25.4 uClcn? which are comparable to
0.1 um was obtained. In contrast to that, a larger grain sizehose (P¢=52.4uClcn? and P,=29.1uClcn?) of (111)-
was seen in the Zr-ricti65/35 (111)-oriented films[Fig. oriented films, respectively. However, the (119 kV/cm of
2(b)]. Furthermore, it was found that for a same composition(111)-oriented films is higher than th&®5 kV/cm) of (100-
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ST I B colene il four equal orientations to contribute to the measured polar-
-400 200 0 200 400

ization without induced strain. Therefore, a larger coercive
electric field is required fof111)-oriented PZT films.

For the tetragonal structure, the polarization dipoles will
be aligned with thg100] direction. Neithef111] nor [100]
directions are the polarization axis in tetragonal phase. In the
case of(100-oriented films, the switching of 90° domain
oriented films. A nearly symmetric logwith identical+ E;)  from [001] to [100] is not favored by a field applied through
was observed on the rhombohedral films, but asymmetrithe film thickness. Therefore, the measured remanent and
hysteresis was observed on the tetragonal films. A coerciveaturation polarizations are smaller in {1®0)-oriented than
field of E.=50-60kV/cm was observed for the Zr-rich (111-oriented Ti-rich PZT films in the tetragonal region.
films. Increasing Ti concentration caused the coercive fieldto  The information about crystalline orientation on the po-
increase toE.=90-120kV/cm atx=0.65. This is most larization and domain switching behavior can be obtained
likely due to the large crystal strain in the tetragonal phasdrom P—E hysteresis loops under different applied voltages.
and small grain size as the tetragonality increases with TThese loops are shown in Fig. 5. The electrical field depen-
content. dence of the remanent polarization as a function of film ori-

It is well known that the magnitude of polarization is not entation is shown in Fig. 6 for Zr-rich and Ti-rich PZT films.
only affected by the clamping of the film by the substrate, The Pr response to the electrical field can be considered as
but also by domain structure as well as the mobility of thecomposed of two stages. For the Zr-rich PZT films shown in
domain walls. For the rhombohedral structure, if one considFig. 6(a), (111)-oriented film presents a rapid increase in the
ers possible orientations of domains for the two crystallodnitial stage and then slows toward saturation. The rapid in-
graphic orientations shown in Fig.*3fwo types of domains crease in the former stage is due to 180° domain switching
since the spontaneous polar axis is al¢h@l] direction in
the rhombohedral phase, but the slow increase in the latter
stage is attributed to the contribution of the other three
smaller polarization vectorgnon-180° domain switching
On the other hand(100-oriented film increases gradually
with increasing electrical field and then tends toward satura-
tion. Consequently, comparing td00-oriented films, the
(11))-oriented PZT films always have larger remanent polar-
ization at an identical applied field becayd41] is the po-
larization direction of rhombohedral phase.

On the other hand, for the tetragonal Ti-rich R2%/65
films at an applied field below 120 kV/cm, Fig(9 illus-
trates that th€100)-oriented film shows larger remanent po-
larization (Pr) than (111)-oriented film. This possibly results

Electrical Field (kV/cm)

FIG. 3. Comparison of hysteresis loops fdrl1)- and (100)-oriented(a)
Pb, 5(Zrg 5T 35905 and (b) Pby 5(Zrg 35Tig 65105 films are shown.

normal {o the film surface

normat to the film surface

FIG. 4. Possible orientations of the polarization vectolihl)- and (100)-
oriented rhombohedral film are showRef. 19.
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I 15F E stage is much larger fof111)- than (100-oriented PZT
& 10k " (100) E films. On the other hand, for the tetragonal Ti-rich R34/
R 65) films, the 2Pr value of th€l11)-oriented film was found
5F¢ i 3 slightly larger than that of th€100)-oriented film but the
ob et e former still decays in a larger rat€3) Saturated stage: this
0 100 200 300 400 500 stage corresponds to at switching cycles above The 2Pr
Applied Field (kV/cm) tends toward a saturated value.

Different fatigue mechanisms which include the models
of conducting dendrite®, microcracking’® space charge de-
fects along grain boundarié$domain walls at the surfaces
and interface$® and oxygen defects at the film electréde

from the contribution of smaller quantity dD01] (1809 have been proposed to explain the polarization degradation.
domain switching. However, above that, comparing to theHowever,(111)- and (100-oriented PZT films display very
(100-oriented film, the(111)-oriented film exhibits a rapid different fatigue behavior. This leads us to believe that the
increase in polarization near coercive field around 120-14@ther mechanism besides interface and film—electrode effects
kV/cm, resulting in a larger Pr. This result indicates that theis responsible for the fatigue, which probably involves do-
(111)-oriented films have a more concentrated distribution ofmnain switching and domain-wall pinning due to the crystal
domains. With further increasing applied field, both Pr val-orientation. As reported by Bornanet al** for relaxor

ues of(]_l]_)_ and(loo)-oriented films tend toward saturation. ferroelectric-PbTiQ films, the orientation of these ferroelec-
tric films plays a critical role in determining fatigue charac-

teristics. (001)-heteroepitaxial films result in a fatigue-free

FIG. 6. Field dependence of remanent polarizationsd@Zr-rich and(b)
Ti-rich PZT films are shown.

C. Fatigue property

The switching cycles in terms of logarithm on thexis
are generally used to evaluate the fatigue characteristic. Fol- 50
lowing the method of Miharat al,?° the fatigue properties
of both (100)- and(111)-oriented Zr-rich(65/35 and Ti-rich

(35/65 PZT films are shown in Figs. 7 and 8, respectively. 40
Three stages are found in the cumulative switching cycles as .~
follows. (1) Slow fatigue state: this stage corresponds to the g 30
cumulative switching cycles ranging from 10 tox10* ®) r
cycles. No trace of obvious difference in 2Pr versus the log % 20 [
o
[\l

scale of switching cycles for different oriented and structural
PZT films was observed2) Logarithmic fatigue stage: this 10
stage ranges from»10* to 1x 10 cycles and was com- I

m Ti-rich(111)
o Ti-rich(100)

monly recognized by many research&s>?As the cycling

number increases above*6ycles, 2Pr decreases continu-
ously with different rates depending on the orientation and
initial polarization. For the rhombohedral Zr-rich P&b/
35) films although the initial 2 Pr value @f.11)-oriented film
is larger, the fatigue rafelefined ag\ (2Pr)/A cycled in this
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FIG. 8. Remanent polarization as function of cumulative polarization
switching cycles fo111)- and (100-oriented Ti-rich PZT films.
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capacitor up to 1% cycles, while(111)-oriented heterostruc- V. CONCLUSIONS

tures exhibit a marked degradation of the switchable polar-  Zr-rich and Ti-rich PZT films with(100) and(111) pre-
ization by an ac voltage cycling. Obviously, the observedferred orientations were prepared on Pt/Ti/Si8) substrates
fatigue difference due to the orientation is strongly related taising a sol-gel method. Thelll-oriented films have a
the displacements of domain walls, which in turn was condarger remanent polarization and coercive field than the
trolled by the domain structure. This could be elucidated by(100-oriented films for both Zr-rich PZ([65/35 and Ti-rich
considering the possible orientations of domains for the twd”ZT(35/69 compositions. It has been demonstrated that the

crystallographic orientations as depicted in Fig. 4. In the cas@referred orientation indeed makes a significant contribution
of (100-oriented films, as proposed by Taylor and on the fatigue characteristics, which is correlated with the

Damijanovict? all polarization directions are tilted away b motions of domain walls. The easier reversible motion in
) P y Ly (100-oriented than(111)-oriented PZT films reflects a

the same anglé~-55°) from the normal to the film surface smaller fatigue rate, which is attributed to the absence of

and contrlbu.te equally to the measyred polarization. Therel'nternal field stress and less dependence on electrical field in
fore, the switching of these domains does not change th,,mpohedral and tetragonal regions, respectively.
dimension of thg100)-oriented film along the direction nor-

mal to the film surface. On the other hand, €ti1)-oriented ACKNOWLEDGMENT
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