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Development of phases and texture in sol-gel
derived lead zirconate titanate thin films
prepared by three-step heat-treatment process

Z.J. WANG, R. MAEDA, K. KIKUCHI
Mechanical Engineering Laboratory, Agency of Industrial Science and Technology, Ministry
of International Trade and Industry, 1-2 Namiki, Tsukuba, Ibaraki 305-8564, Japan

Lead zirconate titanate (PZT) films were fabricated by the addition of 10 mol% excess Pb
to the starting solution which was spin-coated onto Pt/Ti/SiO,/Si substrates. The effect of
film thickness on texture was investigated, and it is clear that the (100) texture gradually
increases and the (111) texture decreases with increasing film thickness. A Pt,Pb
intermetallic metastable phase was observed by X-ray diffraction, and it is found that the
position of this peak shifted from 38.30° 20 (d:0.2348 nm) to 37.10° 20 (d:0.4213 nm) with
increasing firing temperature from 350°C to 550°C. The (111) preferred orientation in the
PZT film was promoted by the metastable Pt,Pb phase. The formation of the (100) texture
of perovskite phase in the multilayer films was mainly attributed to the effects of both
substrates and crystal growth rates which depend on the crystal orientation. © 2000
Kluwer Academic Publishers

1. Introduction (MOD) process. Although this intermediate interfacial
Lead zirconate titanate (Pb(ZFi;_x)Os: PZT) films  phase is only a transient phase, it leads to the selection
have received great interest because of their ferroef the PZT variant because of the good lattice match-
electric, pyroelectric and piezoelectric properties. PZTing between itself and the PZT variant. Huagigal.
films are currently widely studied from the viewpoints [11] also observed that the Jfb phase was formed
of their manufacture and application to micro elec-in the Pt electrode but they report that the intermetal-
tromechanical system (MEMS) [1-5]. Many thin film lic phase was actually g®b, and they suggest that the
fabrication technigues, such as sputtering [6], laser ab111) orientation film was promoted by the formation
lation [7], metal organic deposition [8] and the sol-gel of the metastable ERb phase.

process [5], have been used to fabricate ferroelectric In this work, the development of phases and texture
thin films on various substrates. The sol-gel proces$n multilayer PZT films during heat-treatment were in-
yields a high purity, large deposition area, enables easyestigated. The PZT films were fabricated with the ad-
composition control, and is one of the most promisingdition of 10 mol% excess Pb to the starting solution
techniques for ferroelectric thin film fabrication. which was spin-coated onto Pt/Ti/Sif3i substrates.

In our previous work [5], crack-free PZT films Crystalline phases as well as preferred orientations in
of 3 um thickness were fabricated using sol-gelthe PZT films were investigated using X-ray diffrac-
spin-coating onto Pt/Ti/SigSi substrates. The well- tion analysis (XRD), and the film microstructure was
crystallized perovskite phase with (100) texture wasstudied by transmission electron microscopy (TEM).
obtained using the heat treatment for drying at’120 Based on these results, the mechanism of the develop-
for pyrolysis at 300C and for crystallization at 60C.  ment of phases and texture in the multilayer PZT films
However, the formation mechanism of the (100) tex-was discussed.
ture corresponding to this heat-treatment process is not
fully understood. Understanding the mechanisms in2. Experimental procedure
volved in the nucleation and growth of the perovskiteThe precursor solution was prepared from lead
phase will be of vital importance in optimizing the sol- acetate  [Pb(CECOQ)], zirconiumn-propoxide
gel processing conditions. There have been some receftr(OCH,CH,CHs)4] and titanium tetraisopropoxide
studies on the nucleation and growth of the perovskitdTi((CH3),CHO)]. 2-Propanol [(CH),CHOH] was
phase of this material [9—11]. Tutté al. [9] proposed used as the solvent. Each concentration was con-
that the perovskite phase nucleates from Pt crystallitegolled to the ratio of Pb:Ti:Z&1.1:0.47:0.53.
or from hillocks protruding from the bottom Pt layers. Lead acetate (5.362 g) was dissolved in acetic acid
Chen and Chen [10] recently reported an intermetal{CH3COOH] (3.5 ml) on heating at 7€ for 20 min.
lic Pts_7Pb transient phase that forms epitaxially onThe molarity of the lead acetate solution was about
the Pt (111) substrate in their metal organic depositior8 M. The solution was cooled to room temperature,
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and the solutions of zirconium-propoxide (3.720 g) TABLE | Relative intensity of the (100) and (111) plane for the PZT
and titanium tetraisopropoxide (2.004 g) were addedfims with different coating cycles

After mixing for 40 min in ultrasonic cleaner, the coating cycles 1 2 3 5 10 15
water (3 ml), acetic acid (5 ml), 2-Propanal (10 ml)
and ethylene glycol (0.5 ml) were added. The finall@ooy/[!@oo)+ a1l 0.591 0.556 0.568 0.603 0.852 0.830
concentration of the solution was adjusted to 0.4 M'aw/llaoo+laiy] 0.409 0.444 0.432 0.397 0.148 0.170
Pby 1(Zros3Tios7)O3 by the addition of 2-Propanal.
Details of the synthesis of the precursor solution have
been described in our prior publication [5].

PZT films were fabricated onto Pt(111)/Ti/SiSi [ @
substrates using spin-coating at 2600 rpm for 20 s and -
4000 rpm for 40 s. These substrates were prepared
by sputtering 0.05«m of titanium onto an oxidized
(1.8 um of SiQ,) silicon substrate, and then sputter- 5
ing 0.15.m of platinum. Before coating, the precursor A
solution was passed through 0481 nylon filters. Af- i ©)
ter the deposition process, the coated films were dried I
at 120C for 10 min, pyrolyzed at 30@ for 30 min -
and then finally annealed at 6@for 30 min. In order
to decrease the influence of thermal stress during the
heat-treatment process, the samples were continuously -
heated in an identical furnace. This coating and heat- A
treatment process was repeated from 1 to 15 cycles, anc i ©
the effect of the thickness on the preferred orientation L
of the films was investigated. In order to investigate B
the effect of firing temperature for pyrolysis on the for-
mation of preferred orientations, the single-layer PZT I
films were fired by the directinsertion method at several - A} M
temperatures ranging from 3@ to 600 C for 20 min, [ ,
and their preferred orientations was examined. The de- N

velopment of the phase and texture in the single-layer
L mjt .

PZT films with the holding times at 558G was also
- Pt(111)

investigated.
4 @)
3 _ Pv(100) Pv(200)
2L
1L
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Crystalline structures and crystal orientations of the
obtained PZT films were examined using an X-ray

diffractometer (Ricgaku RINT2000) with Cu Kradi-

ation @ = 1.5418A). The surface and cross-sectional

fracture morphology of the PZT films were observed

using a scanning electron microscope (JSM-6400F).

The microstructures of the films were studied by trans-

mission electron microscopy (H-9000UHR).

3. Results and discussion 20.000 40.000 60.000

Fig. 1 shows the XRD patterns of the PZT films fabri- 20 [deg]

cated with different coating cycles. All films were dried

at 120C for 10 min, pyrolyzed at 30 for 30 min Figure 1 XRD patterns of PZT films with (a) 1, (b) 3, (c) 5, (d) 10, and
and then finally annealed at 6@ for 30 min after the (e) 15 coating cycles, which were dried at 1€tfor 10 min, 300C for
coating in each cycle. The patterns show that all the80 min and then annealed at 6@for 30 min after the coating at each
films consist of mainly the perovskite phase without¢ycle. Pv: perovskite phase.

the pyrochlore phase and the grain orientations of the

films strongly depend on the coating cycles. The fiims A TEM image of the cross-section of the films is
subjected to five coating cycles show (100) and (111xhown in Fig. 2. It can be seen that the film has a colum-
preferred orientations. However, the diffraction inten-nar structure and no boundary between these layers can
sity from the (111) planes significantly decreases andbe observed. This suggests that the nucleation of the
the (100) peak increases with increasing the coatingerovskite phase was from the PZT/Pt film interface
cycle from ten cycles (Fig. 1d and e). The relative in-and the subsequent coated layer crystallization was in-
tensity for (100) and (111) planes can be computed byluenced by the surface of the underlying layer.

|(100) (OI' |(111))/[|(100)+ |(111)], where |(100) and |(111) The formation of the (100) texture of the perovskite
are the measured X-ray intensities of the (100) anghase in the multilayer films may be mainly attributed
(111) planes, respectively. As shown in Table I, it isto the effects of both substrates (Pt(111) or PZT layer)

clear that the (100) texture gradually increases and thand on the crystal growth rate which is dependent on
(111) texture decreases with increasing film thicknessthe crystal orientation. Namely, due to the effect of the

(d)

Intensity [cps] (x100000)
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b et al. [11] indicated that the peak dt=0.234 nm ini-
tially increased with annealing time, then decreased un-
til it finally disappeared after about 780 s at 4@0and
the intermetallic phase was actuallyPb. We too be-
lieve metastable phase isyPb, but we can't identify
whether itis P§Pb or P§_;Pb. Our results show that the
d-spacing of the metastable phase vary with increasing
firing temperature. This may be attributed to the fact that

P ZT the Pt/Pb ratio varies with firing temperature. However,

in order to clarify this point, further investigation would

be required.

The pyrochlore phase appeared at 475and was
clearly observed in the film after firing at 50D (see

Fig. 3e and f). It was observed that the intensity of

R the pyrochlore phase was almost constant until a firing

P ) .-’f l 1 temperature of up to 60C. These results mean that the

pyrochlore phase is stable under 660
After firing at 550 C the peaks for the (100) and (111)
. planes of the perovskite phase were clearly observed.
. However, significant amounts of the pyrochlore phase
and the metastable phase were observed. The peaks
' of the (100) and (111) planes of the perovskite phase

S IL)Z 0.5 km were already predominant after firing at 6Q0 while

the pyrochlore and metastable phases were markedly

Figure 2 Cross-section a TEM image of the PZT film with 23 coating decreased. It is clear that these films formed the com-

cycles, which were dried at 120 for 10 min, 300C for 30 min and  plete perovskite phase at 6@

then finally annealed at 60G for 30 min after the coating ateach cycle.  The development of phases and preferred orientation

in the single-layer PZT films with the holding times at

Pt substrate, the first film possesses (100) and (11150°C were also investigated. Fig. 4 shows the XRD

orientations, and the (100) crystals whose growth ratepatterns of PZT films heat-treated at 560for differ-

are higher than those of the (111) crystals, grow prefent holding times. For the film heat-treated for 5 min

erentially, leading to (100)-orientated multilayer films. it is seen that the pyrochlore phase and the metastable

In order to investigate the effect of firing tempera- phase at 37.8020 (d = 0.2378 nm) appear simultane-
ture for pyrolysis on the development of phases, theusly. When the holding time reaches 1 hour, the peak
single-layer PZT films fired at temperatures rangingof the metastable phase at 3729 (d =0.2421 nm)

from 300°C to 600C for 20 min using a direct inser- decreases, and the peak of (111) planes of the perovskite

tion method were investigated. The phase developmerghase is clearly observable. Then the metastable phase
for the films determined by XRD is tabulated in Fig. 3 disappears and the peaks of (111) planes of the per-
as a function of firing temperature. The sample firedovskite phase are dominant, when the holding time
at 300C exhibits a typical amorphous pattern. A peakreaches 3 hour. This indicates that the generation of
at 38.30 20 (d =0.2348 nm) was first observed in the crystals of (111) orientation in the perovskite phase
film after firing at 350C (see Fig. 3b). The peak ini- are related to the metastable phase. Chen and Chen
tially increased with firing temperature, then decrease(10] suggest that the (111) orientation follows that
untilitfinally disappeared after 60C and had the max- Pt;_;Pb (111), because of this, a good matching of
imum intensity at a firing temperature of approximately d-spacing is obtained between R & 0.3922 nm),
450°C (see Fig. 3d). It was found that the peak posi-Pt;_;Pb(@y = 0.4050 nm) and PZTay = 0.4077 nm).
tions shifted from 38.3020 (d = 0.2348 nm) t0 37.10  Huanget al. [11] also believe that the metastable phase

20 (d =0.2421 nm) with increasing firing temperature Pt;Pb acts as a lattice-matching buffer layer between

ranging from 350C to 550C (Table Il). Chenand Chen Pt and PZT. Our results show that tHespacing and

[10] determined that an epitaxial P¥Pb phase was peak intensity of the metastable phase vary with firing

formed in the early stage of pyrolysis of PZT films temperature for pyrolysis. This means that the firing

and the highly (111) textured b phase produced temperature for pyrolysis significantly affects the tex-
only one reflection at 38.5@¢ (d = 0.234 nm). Huang ture of PZT films during the heat treatment.
On the other hand, the peaks of the (100) planes were

TABLE 11 Variation of d-spacing of the metastable intermetallic ghserved in the early stage of crystallization of the

phase with increasing firing temperature ranging from°8s5t 600C perovskite phase. Chen and Chen [10] proposed that

the (100) orientation is formed on the PbO buffer layer

Firing i "

temperature which can occur above a firing temperature of 3Dh

0 350 400 450 475 500 525 550  their MOD process. It has also been suggested that the

dom) 0.2348 02366 0.2372 02378 0.2396 0.2415 O 2421(100) orientation of PZT crystals, which minimize sur-
nm . . . . . . . . . .

2% 3830 3800 3790 3780 3750 3720 3710 [ace energy, isthe energetically favored growth direc-

tion [12]. In our work, the second of these mechanisms
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Figure 3 XRD patterns of single-layer PZT films fired at (a) 3@ (b) 350C, (c) 400C, (d) 450C, (e) 475C, (f) 500°C, (g) 525C, (h) 550C,

and (i) 600C for 20 min. Pv: perovskite phase; Py: pyrochlore phase.
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Figure 4 XRD patterns of single-layer PZT films annealed at 850

is supported, because of this, the XRD patterns of PbO
can't be observed in all the firing from 300 to 600C

and the (100) texture was gradually enhanced and the
(111) texture decreased with increasing film thickness

(Fig. 1).

4. Conclusions

PZT thin films were fabricated onto Pt/Ti/Si(3i sub-
strates using the sol-gel process. The well-crystallized
perovskite phase with (100) preferred orientation was
obtained using the heat treatment for drying at°120
for pyrolysis at 300C and for crystallization at 60C.

It is evident that the (100) texture gradually increases
and the (111) texture decreases with increasing film
thickness. A RtPb intermetallic metastable phase was
observed by X-ray diffraction upon firing for pyrol-
ysis at temperatures ranging from 3&0to 600 C for
20min, and itis found that this peak shifted from 38.30
26 (d =0.2348 nm) to 37.10260 (d = 0.4213 nm) with

for (a) 5 min, (b) 60 min, and (c) 180 min. Pv: perovskite phase; Py: increasmg firing temperature ranging from 360to

pyrochlore phase.
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was promoted by the formation of the metastabjéBt 4. R. MAEDA,Z. J. WANG,J. CHU,J. AKEDO,M. ICHIKI
phase. The formation of the (100) texture of the per- ands. YONEKUBO, Jpn. J. Appl. Phys37(1999) 7116.
ovskite phase in the multilayer films was attributed 5 Z: J: WANG,R. MAEDA andk. KIKUCHI, Trans. IIE Japan
119-E(1999) 254 (in Japanese).
to t_he effects of the substrate anql crys_tal growth rates; .~ HIRATA.N. HOSOKAWA.T. HASE,T. SAKUMA and
which depended on the crystal orientation. Y. MIYASAKA ,Jpn. J. Appl. Phys31(1992) 3021.
7. K. KIKUCHI, Z. J. WANG, A. UMEZAWA and R.
MAEDA , Ferroelectrics224(1999) 267.
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