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Effect of composition on ferroelectric properties
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Bismuth layer-structured ferroelectric PbBi,Ti,O15(PBT) thin films were fabricated on
Pt/Ti/SiO,/Si substrates by sol-gel spin coating and the effect of lead and bismuth
concentration on phase transition, microstructure and ferroelectric property was
investigated. Especially, the effect of non-stoichiometric compositions, that is, deficient
concentration of Pb and excess concentration of Bi with respect to the stoichiometric
composition, was examined. With an increase of lead and bismuth concentration, the
pyrochlore phase was suppressed and PBT phase was developed. Large increases of 2P,
and 2E; were also observed as lead and bismuth concentration increased. An improved
ferroelectric property could be obtained by inserting a Bi-rich buffer layer between Pt
electrode and Pb-rich PBT film. The PBT thin films with Bi-rich buffer layer showed
homogeneous grain size distribution, good fatigue endurance up to 1 x 10° switching
cycles, low relative permittivity of 270 and sufficient 2P, values of 15.7 uC/cm?.

© 2001 Kluwer Academic Publishers

1. Introduction of materials represented by SBT, and few studies have
Research and development activities are strongly inbeen reported up to the present time on the film pro-
creasing worldwide on devices based upon ferroelectricessing and ferroelectric properties of other Bi-layer
thin films for nonvolatile memory (NVRAM) applica- structured ferroelectric oxide thin films. Therefore, it
tions. However, ferroelectric thin films such as Pb3;iO is interesting to investigate the film processing and the
PZT or PLZT, deposited on metal electrode such aderroelectric properties of other unknown materials be-
Pt, have several problems in their polarization fatigudong to this Bi-layer structured ferroelectric family.
properties that afford only a limited number of switch- We have investigated the fabrication and ferroelectric
ing cycles to the ferroelectric memory cells [1-6]. Re- properties of PbBiTi4O15(PBT) thin films as one of the
cently, Bi-layer structured ferroelectric oxide films such efforts to enlarge the study field of NvVRAM materials.
as BiyTizO12(BIT) [7-10], SrBLTapOg(SBT) [11-13] PBT is one of the bismuth layer-structured fer-
and SrBjNb,Og [14] that show little or no fatigue roelectric compounds that has the general formula:
have been developed. Among them, SBT films havéBi>02)?* (Mm_1RmOsm+1)>~, Where M represents
especially high potential for NvRAM device applica- mono- to trivalentions as Na, K, Ca, Ba, Sr, Pb, Bi, etc.,
tion. However, the SBT films also have some techni-R represents tri- to hexavalent ions as Ti, Nb, Ta, W, Fe,
cal problems concerning reliability and processing, i.e.V etc. and the number of the oxygen octahednaijs
a low remnant polarization and a high heat-treatmenfi—5 [15]. The crystal structures of PBT is composed of
temperature. three pseudo-perovskite blocks, (PPB4O13)?~, in-
Therefore, study on other Bi-layer structured materi-terleaved with bismuth oxide layers ¢&),)** along
als is needed for NvRAM application. However, many the pseudo-tetragonal c-axis as shownin Fig. 1[16, 17].
reports have been concentrated on a limited numberBBT corresponds to the compound with=4 in the
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high P; values than the films with stoichiometric Sr/Ta
atomic ratio in SBT thin films heat-treated at 705

(Bi,0,)"" 800°C [20—22]. However, the reason wiiy value in-
Kyer @ PbBi  (roases in SBT is not clear yet. Therefore, it is also
— ® Bi interesting to examine the non-stoichiometric compo-
R o sition effect on ferroelectric property of PBT thin films,
’ and it is expected to find a clue for explanation on
e Ti the relationship between composition and ferroelectric
Poode  |—— property in Bi-layer structured ferroelectric thin films
erovskite mcludlng SBT. .
£ lavers In this paper, the effect of lead and bismuth concen-
4 — c tration on phase transition, microstructure and ferro-
electric property was mainly investigated.
(Bi,0,)" — 2. Experimental procedure _
Higer b The procedure for preparation of PBT precursor
a solutions is illustrated in Fig. 2. Bismuth acetate

(Bi(OCH3COOY),), in an amount of 0.01-0.014 mol
and lead acetate trihydrate (Pb(O43D0),-3H,0) in
Figure 1 Schematic diagram of one half unit cell of PRBisOs. an amount of 0.002-0.00275 mol were initially dis-
solved and distilled in glacial acetic acid. Two times of
distillation-dilution process was repeatedly carried out
Sl{sing a vacuum evaporating system (R-114RE, Buchi)

. 24 : at 60°C until the volume of the solution reached one-
;Bflﬁ;)ﬁ)(julr?g %rji'n-lt_fﬁ ?Y%rtsgrgg::rgg Ivﬁﬁrggngso?avethird of its initial state. A stoichiometric amount of ti-
SBT and 385C of PZT(52/48), allowing poled poly- tanium isopropoxide (Ti(OgH7)4), was added to this

. i ixture with constant stirring and then diethanolamine
crystals to maintain a remnant polarization state .ud(?)EA, HN(C;HsOH),) was added as a chelating agent
to at least 300C with an average temperature coeffi-

. iy to stabilize hydrolysis and condensation reaction and to
cient for permittivity of +-1200ppm7C. As for other "
bismuth Irj':lyer—strugtured ferrt?glectrics, PEBiO1s enhance the solubility of the acetates [23]. 0.002 mol

) : . . . of H,O was added to the solution for hydrolysis re-
shows anisotropy in ferroelectricity, that is, a large d;ﬁ/ction. The solutions in which DEA was not added

general formula and has a block with four Fi©c-
tahedra in its perovskite layers between two neare

electric constant and large reversible polarization alon T o
g P ere extremely unstable and precipitated within 1 h.

the a(b)-axis and a small dielectric constant and a sm . X !
polarization along the c-axis of orthorhombic struc- h_e s_olutlon that has DEA/TI molar ratio of ;0 showed
a lifetime of over 1 month and good adhesion proper-

ture [18]. . : )
PBT was chosen in this study because of the reporteges' The obtained DEA-complexed PBT solutions were

beneficial properties of bulk PBT ceramics as follows istilled again and diluted W'th acetic acid to evapo-
[16-19]; rate by-products. The coating solutions were filtered

() having the most large number of same family
compoundsr=4, 5, 6, 7) that is very interesting for ’L Bi acetate : 0.01-0.014mol ]
future studies on the crystal structure and its effect o Acetic Acid

ferroelectric properties in Bi-layer structured ferroelec- o o
tric thin films, ‘ b acetate trihydrate : ]

(ii) its large polarization valuef11 C/cr? along 0.002-0.00275mol
a(b)-axis in polycrystal at R.T48 uClcnt along a(b)- [ Distillation and Dilution x 2
axis and+0.2 uC/cn? along c-axis in single crystal
(not saturated, measured at 200at+34 kV),

(iii) small dielectric constant of 250 at 26,

(iv) relatively low sintering temperature of 108D
1100C compared to the high sintering temperature
over 1200C for SBT bulk ceramics.

Ti-isopropoxide : 0.01mol ]

Diethanolamine : 0-0.1mol ]

11

—

Distillation and Dilution x 2 ]

H,0 : 0.002mol ]

These dielectric properties and the inherent structure
of PbBi,Ti4Oy5 are very attractive for memory appli-
cations, because small non-switching linear respons[e Dilution : Acetic Acid ]

|

(¢E), and faster switching speed, high retention and l
high endurance are expected as in other Bi-layer stru - -
tured ferroelectrics. PBT Coating Solution ]

Otherwise, it has been reported that 20%—-30% Sr-
deficient and 10-20% Bi-excess sol-gel films yieldFigure 2 Flow diagram for the preparation of PBT coating solutions.
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TABLE | Samples prepared for this study

Buffer Heat
Composition layer treatment Thicknes$;2 2E¢
(Pb/BilTi)  (Pb/Bi/Ti) (°C/30 min) (nm) (Clen?) (kVicm)

@ PbBi L0
0 Bi TiO

15

4

(S
1/4/4 — 700 288 126 199 y=1.4 (
1484 — 700 332 62 204 | I
15204  — 700 297 16 110
15604  — 700 325 14 100
0844 — 700 299 7.2 90
0944  — 700 310 108 102
10404  — 700 304 123 204
11/44  — 700 328 131 191
1.1/4/4 1/5.6/4 700 334 157 122
1.1/4/4 1/5.6/4 700 508 75 98
1.1/4/4 1/5.6/4 700 685 6.3 99
1.1/4/4 1/5.6/4 600 350 — — .
1.1/4/4 1/5.6/4 750 305 — — =
1.1/4/4 1/5.6/4 800 285 — —

through a 0.2um PTFE membrane and deposited
onto PU/Ti/SiQ/Si(100) and Pt/Ti/Si(100) substrates
(Pt=200 nm, Ti=50 nm (SiQ =500 nm)) by spin
coating at 3000 rpm for 30 sec, and were dried at 450-
500°C for 1 min. Coating-drying process was repeated
until the desired film thickness was obtained. The thick-
ness of each spin-coated layer after final sintering was
about 20 nm. Final sintering was conducted at 600— y=1.0
800°C for 30 min at a heating rate of 36/min in
an electric furnace with flowing £gas at a speed of '
40 ml/min. Pt upper electrode of 3Q0n diameter was 97 28 29 30 31 32 33 34
formed by sputtering and then heat-treated at 6J0r

: : 20 (CuKa)
10 min. All the samples prepared for this study were
summarized in Table I. (A)

Phase development and film orientation were deter-
mined by X-ray diffractometer (Philips) using CuxK 14 250
radiation at room temperature. Film thickness was de-
termined using alpha step (model 200, Tencor Instru- 12
ments). Field-emission scanning electron microscope 10 - 200
(FE-SEM $S4100, Hitachi) was used to observe the ~ B N
film microstructure. Relative permittivity and dissipa- E 8 i o
tion factor were measured using an impedance analyze B - 150 =
(YHP4192A, Yokogawa Hewlett Packard) at 1 MHz at < ¢ | ¢ <
room temperature. Ferroelectric properties were deter- & g
mined by RT6000HVS (Radiant Technologies). Ny - 100 =
2

3. Results and discussion - 90
3.1. Effect of Bi and Pb concentrations on 0L ‘ ‘ ' :

phase growth and ferroelectric 1 1.1 1.2 1.3 1.4

property
Main peaks in the XRD patterns of PBT(Pb/Bi/
Ti=1/4y/4;y=1.0-1.4) films on PYTi/ Si@'Si, and (B)
remnant polarization(2) and coercive field(E;) as a
function of Bi concentration are shown in Fig. 3. The Figure 3 k()A) XR’lDopatte;”ls of PbBiilvOmOlSl t:i”dﬁ'ms?l(%)leioé
peak intensity of pyrochlore BTi,O; decreases and Zr;il('g)'x(:)fa y‘:’f: - ECB))XZ; o é);c‘_c és'a(far’:cgo i
those of (0014)(119) and (200) peaks of PBT increasegnrationy.
with increasing Bi concentration from 4/ & 1.0) to
5.6 (y=1.4). Volatilization of Bi [7] and diffusion of
Bi atoms into the substrate is attributed to co-existencaome extent of remained pyrochlore phase were ob-
of pyrochlore and PBT phases in the film prepared withserved ay = 1.4 composition. Even though pyrochlore
stoichiometric PBT composition (Pb/Bi/E 1/4/4). phase decreases and PBT phase increases with an in-
Notwithstanding large amount of excess Bi contentcrease of Bi concentration,P2 and ZE. extremely

y in PbBi,,Ti, O,
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decreases. This result implies that excess Bi may re- l 1 {
side in the grain boundaries of the PBT(1/5.6/4) thin e PbBi TiO

film in amorphous bismuth oxide form. Reported dras- fog P
- - L - oBi TiO
tic increase ofP; as Bi concentration increases in SBT 2277

: . : 00 x=1.1
films (x from 1.0 to 1.2 in SrBiyTaxOg) was not ob-

served in PBT film. °
(d) 0

Fig. 4 shows the main peaks in the XRD patterns
of the PBT(Pb/Bi/Ti=x/4/4; x=0.8-1.1) films and
2P; and Z; as a function of Pb concentration. With an
increase of Pb concentration from 0.8to 1.1, a decreas:
of pyrochlore phase and an increase of PBT phase wer:
observed. Large increases d®.2and Z&. observed in
the Pb concentration rangexof 0.8—1.1 are explained
as a result of the PBT phase growth. This result is alsc
very different with the tendency of increasify with
decreasing Sr concentration in SBT. An increaseRyf 2
and Z; in the range ok =0.8-1.1 is rather resemble
PZT thinfilms, and may be due to a compensation effect
for Pb vacancies produced by Pb volatilization, that
has been reported previously in the studies on Pb-base
perovskite structured thin films, i.e. PbHor PZT [4].

Drastic increase of ferroelectric property at non-
stoichiometric composition (deficient Pb and excess Bi
in PBT) that has been reported in SBT at reduced con-
centration of centered-cation in perovskite block (Sr)
and excess concentration of Bi, could not be observec
in this study. Large Pb volatilization and high m value
of PBT structure fh=4 for PBT, m=2 for SBT in
the general formula (BD2)?" (Mm_1RmOamy1)?") re-
sulting in more narrow tolerance factor region for per-
ovskite blocks (0.85 to 0.89 fan=4) [17], compared 27 28 29 30 31 32 33 34
to large tolerance factor region in SBT (0.81 to 0.93 26 (CuKa)
for m=2) that is enough even for formation of inter-
growth layers [24—26] in SBT may be the reason for (A)
this difference between PBT and SBT.

a.u.

14 -1 200

3.2. Effect of Bi-rich buffer layer on phase

growth and ferroelectric property — 12L -
In order to clarify the main reason for the changes & l'nﬂ
in phase and ferroelectric property by Bi concen- g 1150 =
tration change, a PBT film with Bi-rich buffer = 10 <
layer(Pb/Bi/Ti= 1.0/5.6/4) was fabricated by a two- & )
step coating process. To prepare the film with Bi-rich & é
buffer layer, only the first spin layer was deposited 8 L
with Pb/Bi/Ti= 1/5.6/4 composition solution, and then 1100
Pb/Bi/Ti=1.1/4/4 composition solution was repeat- | l |

edly spin-coated onto the substrate until the desired
thickness was achieved. (hereafter called PBT film with 0.8 0.9 1 1.1
buffer layer). . R
Fig. 5 shows XRD patterns for PBT thin films with x in Pb,Bi, Ti,0,
and without PBT buffer layer. The pyrochlore phase
observed in the XRD pattern for PBT(L.1/4/4) film de- (B)
creased in the XRD pattern for PBT film with buffer giq e 4 (a) xR patterns of PbBisy TisOss thin films; (2)x =03,
layer. This suggests that formation of pyrochlore phasg —1.0, (h)x=0.9, y=1.0, (¢)x=10, y=10, (d)x=1.1, y=1.0,
and low ferroelectric property in the film prepared with and (B) 27 and Z; as a function of Bi concentratiow,
stoichiometric composition (Pb/Bi/E 1/4/4) is due to
insufficient Bi concentration in the first coated layer
(about 20 nm thick) caused by the diffusion of Bi into distribution of the PBT film without buffer layer is very
the substrate. random compared to the PBT film with buffer layer
FE-SEM images of PBT thin films with and without that shows a uniform grain size distribution. In order
Bi-rich buffer layer are shown in Fig. 6. The grain size to observe the diffusion of bismuth into the substrate
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through Pt electrode layer, a substrate without SiO ever, single PBT phase could not be obtained even
layer was used. The XRD pattern of the PBT(1/4/4)in this film with buffer layer (see Fig. 10a). In addi-
film with buffer layer deposited onto Pt/Ti/Si substrate tion to Bi-diffusion into substrate, Bi-volatilization also

is shown in Fig. 7. A large peak of giOs around

seems to be effective for development of pyrochlore

20 of 29 was detected and this strongly supports thephase.

possibility of Bi diffusion into the substrates. How-

....................................
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L e
E @ X
3 N
o
1 29 30 31

[ il !
10 15 20 25%30% 35 40 45 50
i 20(CuK,)

.....

Figure 5 XRD patterns of PBT (1.1/4/4) thin films (a) without and
(b) with buffer layer.
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Fig. 8 shows P-E hysteresis loops for PBT thin films
with and without the buffer layer.R of the film with
buffer layer increased from 13/C/cn? for the film
without buffer layer to 15.7«C/cn?. Homogeneous
microstructure and suppression of pyrochlore phase is
responsible for alarge increase of ferroelectric property
in PBT films.

3.3. Effect of thickness on film orientation
and ferroelectric properties

XRD patterns for the PBT films (Pb/Bi/& 1.1/4/4
films with buffer layer) with different film thickness are
shownin Fig. 9. Only the main (444) peak of pyrochlore
Bi,Ti,O7 phase could be detected near PBT (0041/119)
peak around 2 of 30° in all patterns as shown in the
enlarged image. Among the observed two peaks in the
curve-fitted XRD peak patterns (using Laurentz func-
tion), one peak atof 29.989 is Bi, Ti,O7 (444) peak
and the other at®of 30.456 is PBT (0014/119) peak
(Fig. 10a).

Intensity fraction for BjTi,O; (444) peak to PBT
(0014/119) peak was calculated by the following equa-
tion;

¥ = lgro/(lpeT + IBTO)
where,lgto = peak intensity for BiTi,O; (444) peak,

IpgT = peak intensity for PBT (0014/119) peak,
¥ = intensity fraction.

x40. 0K 75968nm

Figure 6 FE-SEM images of the surface and cross section of PBT(1.1/4/4) thin films (a) without and (b) with buffer layer.
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Figure 7 XRD pattern of the PBT (1/4/4) film deposited on Pt/Ti/Si
substrate.
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Figure 8 P-E hysteresis loops of PBT(1.1/4/4) thin films (a) without and
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(b) with buffer layer.
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Figure 9 XRD patterns for the PBT films with different film thickness;
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(a) 334 nm, (b) 508 nm, and (c) 685 nm.
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The calculatedV value shows almost no change in
spite of a large increase of film thickness (Fig. 10b).
slightly increases from 0.226 to 0.249 as film thickness
increases from 334 nm to 508 nm, and then decreases
to 0.233 at 685 nm. This pyrochlore phase developed
in these films is attributable to cation deficiency, espe-
cially Bi-deficiency formed by volatilization.

The orientation factors for the films;, were calcu-
lated by the following equations from the XRD indices
in the range of 1& 20 < 35° to avoid overlapped PBT
crystalline peaks by platinum peak at highangles.

F=(f - fo)/(1— fo)
f = »1(00)/ 31 (hkI)

where,| = peak intensity
fo= f of PBT polycrystal
F = c-axis orientation factor.

The calculated= values for PBT (1.1/5.6-4/4) films
were 0.77 for 320 nm-thick, 0.45 for 508 nm-thick and
0.40 for 685 nm-thick films, respectively, showing a
decrease of orientation with increasing film thickness
(Fig. 10c).

It has been reported th& value of Bi-layer struc-
tured ferroelectric oxides along a(b)-axis is larger than
that along c-axis. Although the polarization value along
the c-axis is small, the low coercive field makes it pos-
sible to reach saturated polarization state more easily
in a low electric field. Therefore, the decreasiRgof
PBT films with increasing film thickness is attributed to
the decreasing c-axis orientation as thickness increases
(Fig. 11).

The pyrochlore phase developed in PBT films as
shown in Fig. 10a and 10b, is also regarded as one
of back-drawings of; increase.

With the obtainedd and F values, effect factop
was calculated by the following equation;

n=WY/F = {lgto/(IpeT+ IBT0)}/{(f — f0)/(1— f0)}

Calculated; as afunction of the film thickness is shown
in Fig. 10b.n shows a decrease with increasing film
thickness.

In Fig. 11, P-E hysteresis loops and the measured
P, and E. at different film thickness are shownP2
and Z. decreased with increasing film thickness, and
n-thickness plot (Fig. 10b) shows a good coincidence
with the obtainedP,-thickness plot (Fig. 11b).

Therefore, a proportional expression can be made as
follows;

P n

It was found that c-axis orientation and second phase
strongly affect on ferroelectric property in PBT thin
film.

Since the used composition (Pb concentratica
1.1 and Bi concentrationa¢ 1.0 in Pb/Bi/Ti=x/4y/4)
was found not to be optimum, more Bi and Pb concen-
tration will be needed for a single PBT phase and a
better ferroelectric property.
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Figure 10 (a) Curve-fitted XRD patterns around »f 30°, (b) orientation factorF, at different film thickness, and (c) intensity fractidn for
Bi,TioO7 and effect factor at different film thickness.
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Figure 11 (a) P-E hysteresis loops and (bp,2and 2. as a function of film thickness.
3.4. Ferroelectric and fatigue properties of layer showed non-linear ferroelectric P-E hysteresis
PBT films with buffer layer loops. However, the well-saturated hysteresis loops

Fig. 12 shows P-E hysteresis loops of the 334 nm<could not be obtained. This may be due to; (1) rel-
thick PBT (Pb/Bi/Ti=1.1/4/4) film with buffer layer atively high coercive field of PBT [19] compared to
at different electric fields. The PBT film with buffer PZT or SBT [11-13] and (2) high leakage current and
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Figure 12 P-E hysteresis loops of the PBT(1.1/4/4) thin film
(thickness= 334 nm) with buffer layer at different applied voltage.

current density. Cation defects due to volatilization of
Pb and Bi observed by phase analysis are attributable to
this leakage current at high temperature. Even though
the film heat-treated at 700 shows relatively low leak-

10" , , , [ I age current density, the obtained leakage current is still
large for saturation of dipoles and the accurBtend
= 107 - @ - = Ecvalues. . . .
S " o I Fig. 14 shows fatigue properties of the 334 nm-thick
i 10° H™ e PBT film with buffer layer at different applied voltage
2 ! o (©) - at 25C . Fatigue tests were carried out using bipolar
— [ ] o®
@ 10 ;-' ...-' i square waves of 5V—11V(150-320 kV/cm) at 1 MHz.
3 . Almost no fatigue was observed in the fatigue tests per-
- 5 (a) .". formed using 5V-9V pulses up t0x110° switching
< 10 - o |
e o - cycles. At switching pulses of 11V, about 9% of depo-
§ & s -.," larization at 1x 10° switching cycles and breakdown
o 107 - ! —— 7] at 1x 10'% switching cycles were observed. Measured
g 7 . A (b) __."' relative permittivity of the PBT film with buffer layer
5 107 o= m was 270, that well matches with bulk ceramic values of
@ ——
| e about 250 [19].
10° N E— It is interesting that PBT films show high fatigue

0 50 100 150 200 250 300 350 400

endurance despite of its large Pb and Bi volatilization,

while PZT films on Pt electrode have poor fatigue
property over 40% of depolarization ai11(P switch-
ing cycles. Therefore, inherent buffering reaction of
Bi»O; layers toward defects, that is general in Bi-layer
structured ferroelectric family, seems to be valid in
PBT films, too.

non-switching linear response due to space charge po-

larization [27] that is originated from pores reside in 4. Summary

porous microstructure due to high organic content ofPBT thin films were successfully fabricated at 700
starting solutions, and (3) paraelectrigBiO; phase by sol-gel spin coating and the composition effect on
co-existing with PBT phase. Obtained’2and .  ferroelectric property was investigated.

were 15.7.C/cn? and 122 kV/cm, respectively, atelec-  The pyrochlore phase decreased and PBT phase
tric field of +£410 kV/cm. In Fig. 13, measured leakage increased with increasing Bi and Pb concentrations.
current density at different heat-treatment temperaturd@his suggests that volatilization of these cations and
is shown. The large leakage current density observediffusion of Bi atoms into the substrate is attributed to
in the film heat-treated at 608 may be due to high co-existence of pyrochlore and PBT phases in the film
organic content that remained in film by insufficient prepared with stoichiometric PBT composition (Pb/Bi/
burnout. Large amount of DEA (b.p:271°C) used Ti=1/4/4). Reported drastic increase Bf in non-

for stabilization of solution may cause the large leak-stoichiometric SBT films was not observed in this study.
age current density in this case. Otherwise, films heat- The pyrochlore phase successfully suppressed by in-
treated at 750C and at 800C also showed large leakage serting a Bi-rich buffer layer between Pt electrode and

Applied electric field (kV/icm)

Figure 13 Leakage current density of the PBT(1.1/4/4) thin films heat-
treated at (a) 60T, (b)700C, (c)750C and (d)800C.
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Pb-rich PBT films, to compensate Bi and Pb deficiency s.
resulted from diffusion and volatilization. The fabri-
cated Pb-rich PBT thin film with Bi-rich buffer layer
showed homogeneous microstructure with low relative
permittivity, and large B, value of 15.7.C/cn?. How- '
ever, well-saturated P-E hysteresis loops could not beo.
obtained in this study due to large leakage current and
formation of second phase.

It was found that pyrochlore phase developed
in the films with buffer layer is attributable to
cation deficiency, especially Bi-deficiency formed by
volatilization. The orientation factors for the films 12.
showed a decrease of c-axis orientation with increas-
ing film thickness, and measurégdalso decreased with
increasing film thickness.

PBT film with buffer layer also showed high fatigue 14.
endurance despite its large Pb and Bi volatilization.

Since the used composition (Pb concentration
x=1.1 and Bi concentratiory =1.0 in Pb/Bi/Ti=

x/4y/4) was found not to be optimum, more Bi and 4.

Pb concentration will be needed for a single PBT phases.
18.

and a better ferroelectric property.

19.
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