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Structural investigation of Pby(Zr ¢ 57Tig 432,03 films deposited on P(001)/MgO(001) substrates
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We performed structural studies on PZT thin films, @5, 57Tig 492 -yO3; y=0.97, 1.07, 1.15. The thin
films were deposited on P901)/MgO (001) substrates by rf-magnetron sputtering. Every film grew epitaxially
in a tetragonal phase with the “cube on cube” relationship to the substrate, and contained no other crystalline
phases, such as PbO or pyrochlore. It is known that PZT bulk ceramic with Zr/Ti of about 57/43, the compo-
sition of which is on the Zr-rich side of the morphotropic phase boun@dBB), has a rhombohedral structure
at room temperature. These PZT films, however, had tetragonal perovskite stryspaes groupP4mm).
The Pb atoms mainly occupy tie(1a) site, and the Zr and Ti atoms occupy B€1b) site at random. When
y is less than unity in R§Zrys7Tig 492,03, the excess Zr/Ti tends to enter the ) sites and randomly
occupy the sites together with Pb; and wheis more than unity, the excess Pb tends to mix with the Zr and
Ti at Zr/Ti (B) sites. In all these films, the atomic positions of Zr/TilD) and G2) shift mutually along the
c axis in the tetragonal structure. With increasing/a approaches unity and the crystal structure shifts toward
the rhombohedral phase, especially in tH@)&tomic position, where a large shift was observed. The PZT thin
films were grown under the restraint of a(P01) square lattice, and under isotropic compressive plane stress.
These are the major reasons that the film crystallizes into tetragonal perovskite and polarizes spontaneously in
the c-axis direction perpendicular to the substrate surface.
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I. INTRODUCTION with high kinetic energy, which lead to nonthermal equilib-
rium in the crystallization process of the PZT different from
Pb(Zr,Ti)O;, abbreviated as PZT, has superior ferroelecthe growth on bulk materials. Probably for these reasons, the
tric, pyroelectric, and piezoelectric characteristics and iglielectric properties of perovskitetype thin films are different
widely used in various functional device applications. PZTfrom those of their equivalent bulk materials, as has been
ceramics show their maximum dielectric and piezoelectrioeported in Ref. 3. Although the electrical properties of PZT
properties, especially in the composition region around the
MPB (morphotropic phase boundarit room temperature,

500 =

the crystal structure is tetragonal on the Ti-rich side of the —
MPB and rhombohedral on the Zr-rich sidsee Fig. L 450 - Pc / }
When the temperature rises, a center of symmetry appears ir oo - /’ -
both structures, the structure is transformed into a cubic _ .| / i
phase, and it loses its spontaneous polarization. However, it® /,/

has been found recently that the tetragonal phase is trans- , %°F Ay _-* 7
formed into a low-temperature monoclinic phase in a narrow 3 2so0 |- ./'/ . F -
composition region near MPBMost previous studies on £ 200 Fra \ ' i
these crystal structures have used bulk materials, i.e., ceram g b |

ics. Active research and development, however, is being car-& 150 |, ~_ MTB §
ried out into the potential use of thin-film PZT materials in 100 b 4 * .
nonvolatile memory or microelectromechanical systems s :Ao\./ Fran \ I i
(MEMS) l .\ 1 1 1 I 1 1

0 'l L 1

These thin films exhibit unique structural characteristics
that differ from those of their bulk materials, since the films
generally grow under the constraint of substrates, often ac-
cumulating considerable stress. Furthermore, deposition via FIG. 1. The phase diagram of the lead zirconate titatRET)
plasma such as rf sputtering uses activated sputtered particlegstem according to Jaffet al. (Ref. 1).

PbZrO, Mole % PbTiO, PbTIO,
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TABLE I. Growth conditions for the PZT thin films. amined using a wavelength dispersive x-ray microanalyzer
(JEOL JXA-8900R individually for Pb, Zr, Ti, and O.

Target [PD(Z1o.57T10.49 Osly+[PPO1 -y : The as-grown PZT thin films were first measured using a
y=0.7,08,09 high-resolution x-ray diffractometdiRigaku ATX-G) under

Substrate P(001)/MgO (001) the following conditions. X ray$50 kV, 40 mA generated

Sub. temperature 500-600°C by a sealed Cu target were made parallel and monochromatic

rf power 500 W/6¢ using a Ge(220 double monochromator. The lattice con-

Growth rate ~1.0 um/hr stants were obtained by precisely measuring the four-circle

Film thickness ~3 um diffraction angles 0f110), (110), (020, and(200) by means

of the in-plane diffraction method, and §01) and(002) by
) means of the out-of-plane diffraction methb&everalw/26
are presumed to be closely related to its crystal structure, Ugcanning diffraction patterns along tlwd axis were then
to now little has been known about the detailed crystal strucpptained, and reciprocal space maps were made in an area
tures of the films. This is because deposited film specimengc|uding all (204) reciprocal-lattice points of the MgO sub-
are usually too oriented and too thin, giving insufficient sirate, and the Pt and PZT thin films. For the mapping, Ge
x-ray-diffraction intensity data to allow precise structural (220) two bounce was employed as the analyzer crystal.
analyses. _ ) o Synchrotron radiation was next used to investigate the
We have solved this problem by peeling the thin film off intrinsic crystal structure of the PZT film without substrate
the substrate, powdering it, and analyzing it using synchrorestriction. After removing the MgO substrate using a wet
tron radiation and a large-diameter Debye-Scherrer camefgocess, the PZT/Pt film in sheet form was crushed into pow-
with an imaging plate. The Debye-Scherrer camera allowgjer, The powdered PZT/Pt was then packed into a quartz
simultaneous collection of multiple diffraction lines. In con- capillary tube with an internal diameter of 0.2 mm. Both
trast to the line spectrum generated by an x-ray tube, thends of the capillary were open to the air. The diffraction
synchrotron radiation spectrum is smooth over a wide rang@xperiments were carried out using the large-diameter
of energies. This makes it possible to choose the wavelengtepye-Scherrer camera with an imaging plate on the
best suited to the experimental problem in question. Moreg| 02B2 beam line at the Japan Synchrotron Radiation Re-
over, synchrotron radiation facilities generate intense X rayssearch Institutg SPring-8.>¢ A precollimator mirror and a
making it possible to collect precise x-ray-diffraction datadouble crystal spectrometer were used to ensure that the in-
Wlthln. a reasonably'short time even if there is only a smallgjgent beam used for the diffraction experiments was ex-
quantity of the specimen. ~ tremely monochromatic and parallel. The camera radius was
In this paper, the crystal structures of epitaxial thin films378 mm and the pixel area of the imaging plate was 100
with different Pb/(Z#-Ti) ratios (y=0.97,1.07,1.15) in  ,n? corresponding to an angular resolution of approxi-
Py (Zro 57T 492, O5 Were analyzed in detail employing the mately 0.02°. To enable precise structural analysis, it is im-
powder x-ray-diffraction method after having examined theportant for each diffraction peak to be comprised of suffi-
crystallographic characteristics of the films employing a labijent data points; the diffraction intensity recorded on the
based high-resolution x-ray diffractometer. We will describejmaging plate was read at a pixel area ofG®?. To confirm
the results of the structural analyses, and the influence th@he energy of the radiation used, diffraction in Ge(x

substrates have on the crystal structures. =5.4111 A) powder was recorded under the same condi-
tions. All the diffraction experiments were carried out at
Il. EXPERIMENT room temperature.

Three types of PZT thin films with different Pb/(Zr
+Ti) ratios were fabricated on RO01) (with a thickness of
about 0.1um) deposited MgO(001) substrates using the
rf-magnetron sputtering method. The thickness of the films The compositions of the PZT films labeled P1, P2, and P3
was about 3um. The sputtering conditions are listed in Table are shown in Table Il. The oxygen concentration was mea-
|. Excess PbO(from 10% to 30% was added to the sured as just under 60 at.% for every specimen. Conse-
Pb(Ziy57Tig49 O3 sputtering targets to alter the Pb/(Zr quently, the number of oxygen atoms can be assumed to be
+Ti) ratio in the deposited films. No polarization by external exactly three per unit cell. The components of the other three
electric field was conducted. The film composition was ex-metal elements were allocated according to the results of the

Ill. RESULTS

TABLE Il. Compositions of the PZT thin films obtained by quantitative analyses using a wavelength
dispersive x-ray microanalyzer.

Specimen Pliat. % Zr (at. % Ti (at. % O (at. % Chemical formula
P1 23, 9g 75 593 Py 15(Zrg 48Ti0.37 O3
P2 21, 104 74g 604 Pby oA Zro54Ti0.39 O3
P3 19, 115 8.4 603 Phy 94 Zr0 58Ti0.49 O3
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FIG. 2. X-ray double crystal diffraction profile of the PZT/Pt/ o4
MgO (P3 heterostructure. The marks, ® and X show the peaks q, (A)
of PZT, Pt, and MgO, respectively.
FIG. 3. Reciprocal space map of the PZT/Pt/M{ZB hetero-

guantitative analyses. The chemical formulas in the tablgtructure measured close to t.h.éﬂm) reflections. Thgx mark
were derived from the allocations. The26-wide scan for >'OWS the PZT204) peak position of the corresponding powder
P3 taken with ATX-G is shown in Fig. 2. It can be seen that>Peemen- The contour interval is logarithmic.

both of the Pt and PZT films have been grown with good
c-axis orientation. No domains with the other planes paralle
to the specimen surface except f@01) are found. The in-
plane ¢ scan indicated that the domains are also of unifor
orientation parallel to the surface. Almost identical results
were also obtained for the other two specimens. The lattic
constants of the PZT films are shown in Table Ill, which

reveal_?hthata_t:bic Iand a=p=y= gofthfct’rr] evggyt.Spe(}i'Pbion) occupies the 1) site (A site), Zr and Ti (tetravalent
Een. 3e ﬁn' -c?hé\éc())z)me !ncrealses Wi € ? IIDII?nI Oth positive iong randomly occupy the 1) site (B site), and O
Igure 3 SNows reciprocal space map for =s. in the éa bivalent negative ignoccupies the 1) and 2¢) sites

figure, a line was drawn as passing through both the origi see Fig. 5. The structure of PZT was precisely determined
using the Rietveld methottogether with Pt and MgO under

y regarding the structure as a tetragonally crystallized per-
vskite type. The diffraction patterns contained several lim-
ited diffraction peaks for Pt film and residual MgO substrate;
owever, no peaks were found for impurities such as PbO or
yrochlore! We assume that the crystal structures of these
ree PZT specimens were all the same as the tetragonal
BaTiO; with space groupfP4mm?® Pb (a bivalent positive

and MgO (204) peak position. That of P{204) is located

close to this line, which means that the Pt film has grown - . !
. : conditions where the lattice constant of Pt was fixechat
incoherently on the MgO substrate. On the other hand, the !
peak position of PZT204) is located in the region ch<c =3.9231 A(Ref. 10 as standard, with those of the other two

. . 11
off the line. This also confirms that this PZT film is a tetrag- PH2S¢S Variable. The analytical program used Riasan.

onal crystal. Almost identical results were obtained for lee carried out the Rietveld analyses with the data from 5.0

and P2. The above result shows for every specimen that the 350000~
a-, b-, andc-axis directions of MgO, Pt, and PZT films are 1
coincident to each other, and that the PZT film is epitaxially
grown, almost as a tetragonal single crystal.

The wavelength of the synchrotron radiation used for the
x-ray diffraction measurements on the powdered PZT films
was 0.4205 A. As seen in Fig. 4, the diffraction peaks were
detected with a sufficient signal-to-noise ratio up to the vi-
cinity of 20=40° (sind/A=0.81 A~1). All the obtained dif- i
fraction patterns for the three specimens are fully explained ~  so000-]

250000 —

\
T\

ntensity (arb. units)

TABLE llIl. Lattice constants for the PZT thin films on Pt/MgO
substrates.

Specimen a(A) b(A) c(A) a(® BC) () VA

P1 40 4.0% 4.15 90.6 90.y 90.0, 69.¢ FIG. 4. Observed+) and calculatedgray line synchrotron
P2 406 4.06, 4.15 89.9, 90.y 90.0, 68.6, diffraction patterns of PdyAZrgsglig 45905 (P at room tempera-
P3 4,05 4.05 4.15 89.9 90.p 90.0, 68.4 ture of 300 K. The difference curVebserved-calculat¢dppears at
the bottom of the figures.
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FIG. 5. The tetragonal perovskite crystal structure for
Pby 15(Zro.48Ti037 O3 (P1) is shown schematically in perspective
(left). The structure, virtually analyzed as a rhombohedral phase, is
on the right.

FIG. 6. The coordination geometry around the metal cation
(Zr/Ti and PhH at the B site can be described as a distorted

o . . . oxygen octahedron with three kinds of interatomic distances of D1,
to 40.0° under the assumption of anisotropic temperature fags, 44 p3.

tors for Pb and isotropics for Zr/Ti and O. In addition, the

thermal vibrations of @) [at the 1p) site] and Q2) [atthe  gjie| to the surface, compared with that of the powdered
2(c) site] were assumed to be identical. Neutral atomic scatspecimen. Similar results were obtained for P1 and P2. It can
tering factors were applied to all of the atoms. The results arge assumed that little macroscopic stress remains in the pow-

shown in Fig. 4 and Table IV. dered specimen. These results indicate that the PZT films
experience compressive plafi@axial) stress parallel to the
IV. DISCUSSION surface. The stress is isotropic, siraeoincides closely with

b as shown in Table Ill. The PZT film was grown on the Pt
(00D square latticeapzt is only a little longer tharap,,

In this section, we will discuss the film under the restric-which suggests that the PZ001) plane fell easily in place
tions imposed by the substrate. T(#94) peak position for parallel to the P{001) plane. It is assumed that the differ-
the powdered P3 specimen is shown by the”“mark in ence in the lattice spacing between the tag£>ap,) gen-

Fig. 3. The position was obtained using the lattice constanterated the compressive stress in the epitaxially grown PZT
estimated by means of Rietveld analysis. The relationship ifilm.? The three films examined in this study were formed in

position between th& mark and thg204) peak of the PZT a composition region where rhombohedral crystals are
film indicates that the crystal lattice of the film expands per-present, as shown in Fig. 1. Itis logical, however, to presume
pendicularly to the substrate surface and is compressed pahat in the isotropic plane stress field, the cations or anions

A. Thin film on substrate

TABLE V. Refined structural parameters derived by Rietveld analysis. The space Brvbmpn was
applied to all. Standard deviations are shown in parenthésgs:U,,, andU,=U,3=U,3=0.

P1,R,,=3.19%, R =0.57%, R,=0.85%,a=4.09312), c=4.1235(3) A,M=Zro s+ Tigs

Atom Site g X y z Us, Ug (AP Usz (AP
Pb/M 1(a) 0.9839)/0.017 0 0 0 0.034) 0.0257)
PbM 1(b) 0.167/0.833 12 12 055§ 0.0024)

o) 1(b) 1.0 12 12  007@7) 0.04521)

0(2) 2(c) 1.0 12 0 0.42(21) 0.045

P2, Ryp=2.78%, R, = 0.85%, R.=0.84%, a=4.083(2), c=4.1189(2) A,M=Zro se+ Tig

Atom Site g X y z U, Ug (A% Uaz (A%
Pb/M 1(a) 0.9787)/0.022 0 0 0 0.03®B) 0.0164)
Pb/M 1(b) 0.089/0.911 1/2 1/2 0.5%0) 0.0064)

0(1) 1(b) 1.0 1/2 1/2 0.05@4) 0.05614)

o) 2(c) 1.0 112 0 0.46626) 0.056

P3, Ryp=3.21%, R, =0.87%, R,=0.80%,a=4.06572), c=4.1415(2) A,M=Zrq s+ Ti s

Atom Site g X y z U, Ug (A?) Uss (A%
Pb/M 1(a) 0.921(7)/0.079 0 0 0 0.032) 0.01713)
Pb/M 1(b) 0.049/0.951 1/2 1/2 0.548) 0.0104)

o) 1(b) 1.0 1/2 1/2 0.074.6) 0.03211)

0o(2) 2(c) 1.0 1/2 0 0.60(10) 0.032

064102-4



STRUCTURAL INVESTIGATION CF . .. PHYSICAL REVIEW B 66, 064102 (2002

332
0.6+ I
o o
] u u
3.284 D
05
i § o o
[ : 0 _ o
045k & 3201 a]
N a
< | o
- o
0.1 ® 3204+ o o
i 3 oo
00l ' r
[ R T TR 316 ———— gy —— s } —
0.8 o s 12 s 4 0.35 040 045 0.50 0.55 0.60 0.65
Pb/Zr+Ti z-coordinate of oxygen (2)
FIG. 7. The atomic position,of Zr/Ti (M), O(1) (®) and G2) FIG. 8. Agreement factoR,, as a function of @) displace-

ment for refinements with fixed values afalong the tetragonal

O) are shown as a function of the atomic ratio of Pb/Zi. The
©) W unct I I {001 direction.

errors forz of Zr/Ti are smaller than the marks.

shift more easily in &001) direction perpendicular to the of Pb tends_ to invade trﬁsite and randqmly occupy_the site
substrate surface than in @11y direction. It is therefore tog_ether with Zr and Ti. Cc_)nversely, in the specimen for
concluded that the growth on the FA01) plane and the which Y<1’ the excess Zr/Ti atoms tend to mix with P.b at
isotropic plane stress are the main factors contributing to th@eA s:jt_e. The o atomsdform e;n_octahedron cri:storted n the
PZT films crystallizing tetragonally and spontaneously polar-C-3Xis direction surrounding Zr/Tisee Fig. 6. When PZT is

izing in the c-axis direction. in the high-temperature phase, the cubic perovskMmgm)
phase, Pb, Zr/Ti, @), and Q2) are located af0,0,0, (3,3,
1 11 1 1 H H
B. Powder crystal structural analysis 2), (3,2, 0), and(3, 0, 3), respectively. When P3y&1) in
the low-temperature phase, all the Zr/Ti(1R and G2) at-
1. Features of the crystal structure oms are shifted towards the positive side along ¢heexis.

The precise structural analyses using the Rietveld method"is shift |s§xpressed d¢ + +) following the notation of
revealed that all three types of powdered films crystallized>lazeretal.™ In the cases of P1 and P3%1), however,
into tetragonal perovskite at room temperature. The results c@(_z) shifted towards the negative side, as tid + —). The
the quantitative analyses for the PZT films showed that th&hift of each atom is shown in Fig. 7 as a function of
unit cell ought to contain almost exactly two metal atoms.PP/(Zr+Ti). Although the Zr/Ti and QL) atom positions
However, the ratio of Pb and ZiTi was not 1:1. We then set change very little in response to Pb/(ZTi), the O2) atom

the following conditions for the Rietveld analyses: position shifts significantly. In particular, a large shift to-
wards the negative side was identified for the2Catom in

g’z*rmzl_géb, ggb:y_g/;b, and ggrmzl_ggb, (1)  the P1 specimen. The coordination number of Zr/Ti atom is
six. In this coordination number, the radii of both?Pband

and conducted the analyses regardiggas an independent PR+ jons are greater than those of'Zrand TF* ions* In
variable and assuming a partial substitution of Pb atoms at

TABLE V. Interatomic distances and bond angles. Standard de-
viations are shown in parentheses.

the A site and Zr/Ti atoms at thB site. Here gh, represents 80000 - 200 P
the occupation rate of Pb at tifesite, andy represents the [ . —o—p2
number of Pb atoms contained in the unit cell. It was as- _ "%t A —e—P3
sumed that Zr and Ti atoms were exchanged for Pb while £ 60000 /' 1
maintaining the composition ratio obtained by quantitative _: s \
analysis. As shown in Table IV, Pb and Zr/Ti atoms are re- & soo00-- 002 - / ¢
placed mutually and partially between tlheand B sites in 2 S \
every specimen. In the specimens for which 1, an excess g '\
£
}
.

Specimen DIA) D2 (A) D3 (A)  Bond angle(®)

P1 1.990157) 2.11221) 2.134157  151.34.9
P2 2.04%5144) 2.07717) 2.074144)  160.65.6)
P3 1.93471) 2.0455) 2.20171) 167.22.6) FIG. 9. Diffraction profiles of th€002 and(200) peaks of the
PZT powder specimens.
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- 20000 TABLE VI. Independent reflections in rhombohedral and tetrag-
onal structures and the FWHM'’s estimated from the observed peaks

& of Pby 15(Zrg 4gTig.37) O3 (PD. The peak positions are shown in the
§ - 15000 26 column.
a
& Rhomb. Tetra. FWHM®) 26 (°)
E + 10000
2 100 001, 100 0.097 5.88
E 111, 111 111 0.088 10.18

oo 200 002, 200 0.162 11.77

] 222,22 222 0.189 20.45

] o 400 004, 400 0.288 23.66

20 (deg)

rhombohedral becomes completely inverted. The full width

FIG. 10. Diffraction profiles 0f(100, (111), (200), (222, and . . .
. : at half maximum(FWHM) of each diffraction peak was es-
(400) of Pby 1dZro 4sTios) O3 (P powder specimen. The former .0 by fitting a pseudo-Voigt function using the least-

three are shown on the left scale and the latter two on the right. hod. Th | I h in Table VI
(400) is multiplied by 10. squares method. These results are also shown in Table VI.

No matter what crystal system the specimen belongs to,
FWHM tends to spread more in doublets than in singlets. As
seen in the table, it is logical to conclude, from the disposi-
tion in the FWHM’s in the diffraction peaks, that P1 crystal-
lizes into a tetragonal system.

P1, Pb occupies no less than about 17 at. % ofBhsite,
which means the ionic radius at this site is significantly
larger than in the case of P3. It is assumed that tli2) O
atoms shift towards the negative side as a result of being

physically pushed by the atoms at tBesites. At the same ;rh? tetragonal PZT belongs to the space grégmm
time, the interatomic distance between Zr/Ti2D(a-B) ex- (Cy4,); on the other hang, the rhombohedral PZT belongs to
tended with increased presence of Pb, and the bond angle B¢ sPace grouk3m (Cs,) at room temperature. None of
O(2)-Zr/Ti-0(2) (a-B-b) becomes smalletsee Fig. 6 and these is a subgroup of the s_y_mmetry_of the offieFhis
Table V). To confirm the correctness of the determired Suggests that the phase transition of this compound depend-
value of 42), we performed Rietveld analyses for P1 underig 0N the composition is a first-order phase transition. In
conditions where the atomic position of2) was fixed and  that Lase, two phases can co-exfsin fact, Kakegawa

the other parameters were variable. The results are shown §f & have reported that these two phases co-exist around

Fig. 8. As shown in this figureR,,, has a minimum value of MPB on the PbTiQ-PbZrQ; pseudobinary system. This sug-
aroundz=0.43. gests that a small amount of the rhombohedral phase may

also co-exist in our specimens, especially in P1, while most

2. Deformation of crystal structure depending on composition  ©" all of P1 crystallizes in the tetragonal phase as mentioned

above.
As shown in Fig. 9, the tetragoné200) and (002 peaks We then attempted a Rietveld analysis under the assump-
are clearly separated for P3. With increased PbH(H),  tjon that P1 has a rhombohedral structure. The structural

however,c/a approaches unity and the two peaks coalescemodel followed the description of Glazet al*® in which

In particular, it is difficult in P1 to dlStlngUlSh whether there Pb, Zr/Ti, and O atoms occupy aX, another 1&)' and

is a single peak, indicating a rhombohedral crystal, or3(b) sites in the space grouR3m, respectively. Pb was
whether there are two overlapping peaks indicating a tetragfixed at 0,0,0. The results obtained are shown in Table VII,
onal crystal. Figure 10 shows the profiles 1@00), (111,  and the crystal structure is illustrated in Fig. 5. The fiRal
(200, (222), and (400 diffraction peaks obtained for P1. A factors showed fairly good values. As can be seen in this
rhombohedral crystal should show two peaksll) and  figure, the rhombohedral structure is almost the same as the
(111), and should shoW222) and (22) in its powder dif- tetragonal structure. This means at least that P1 can be ap-
fraction profile; however, no such peak split can be seen iproximately described using a rhombohedral structure; it also
Fig. 10. As shown in Table VI, in these five peaks, the cor-suggests that the transition from one phase to the other can
respondence between singlet/doublet and tetragonabe enabled by slight shifts in atomic position.

TABLE VII. Refined structural parameters obtained by Rietveld analysis. The space BBmpwvas
applied. Standard deviations are shown in parenthésgs: U,,=U33 andU,=Uy3=U 3.

P1,R,,=3.26%,R,=0.75%, R,=0.85%,a=4.1020(2) A, a=89.862(10)°M = Zry s+ Tigs

Atom Site g X y z Uy, Ug (A2 Uy, (A%
Pb/M 1(a) 0.99211)/0.008 0 0 0 0.03@} —0.0145)
Pb/M 1(a) 0.158/0.842 0.52B) 0.527 0.527 0.003)

O 3() 1.0 0.44815) 0.448 0.03%1) 0.04631)
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V. CONCLUSIONS

All of the thin films of PR(Zrys:Tig492-yOs (Y
=0.97,1.07,1.15) formed on a(P01)/MgO(001) substrate
using the rf sputtering method were grown epitaxially with
the “cube on cube” relationship and crystallized into tetrag-
onal perovskite type structures at room temperature, whereas
each of their compositions is in an area where rhombohedral
crystals appear, i.e., on the Zr-rich side of the MPB. No other
crystalline phases were observed in the films. In the space
groupP4mm, the Pb atoms occupy thke(1a) site, and the
Zr and Ti atoms occupy thB (1b) site at random. The O
atoms occupy the O (1+ 2c) site and form an octahedron
that is distorted along the-axis direction surrounding Zr/Ti.
For every specimen, Pb and Zr/Ti are partially substituted for

FIG. 11. Diffraction profile of thg202) and (220 peaks of the  each other. When Zr/Ti is greater than Bb<(1), the excess
Py oA Zro 56Ti0.49 O3 (P powder specimen. The open circles show 7y/Ti atoms tend to invade thé site; on the other hand,
thg obser\{ed inFensity. The thin lines are the symmetrice}l pgeudq,vhen Pb is greater than Zr/Ty&1), the excess Pb atoms
\oigt functn_)ns fitted by the least-squares method. The thick line isgq to invade thd site. For any specimen, the atomic po-
the synthetic curve of the two. sitions of Zr/Ti and O are shifted from the equilibrium
atomic positions in the paraelectric phase, resulting in spon-
taneous polarization. Although the Zr/Ti and Ob{)latomic
positions change very little in response to Pb/4i, the O

2c¢) position shifts significantly. All of the specimens are in

e tetragonal phase; however, with increased of Pb/(Zr
+Ti), the crystal structure approaches the rhombohedral
hase. The PZT film grows on the @01) square lattice and
n isotropic compressive plane stress is present in the film.
hese are the major factors that cause the PZT film to be
crystallized tetragonally and polarize it along the direction of
eter. . . : . . not a diagonal axis, but theaxis. These PZT films remained

As described in the Introduction, in bulk PZT ceramics, ¢, an in tetragonal form when powdered and released from

the existence of a monoclinic structure has been revealed ig qress. No phase transition to any other crystal structure
be a low-temperature variant of the tetragonal phase in thﬁ/as observed

composition region near MPB. This monoclinic phase also
exists at room temperature depending on composition. Fig-
ure 11 shows thé202) and(220) diffraction peaks obtained
for P3. If it were a monoclinic crysta(m), four peaks,
(222),, (222),,, (400),,, and (040), should be observed. The authors would like to express their thanks to Mr. K.
However, the obtained diffraction profile could be describedKatoh at the Japan Synchrotron Radiation Research Institute,
almost perfectly as the sum of two symmetrical pseudo-Voigto Dr. Y. Kubota at the Department of Environmental Sci-
functions, leading to the conclusion that the diffraction pro-ences, Faculty of Science, Osaka Women’s University, and
file seen in Fig. 11 consists of only ti202) and(220) peaks Dr. E. Nishibori, Assistant Professor M. Takata and Professor
of the tetragonal structure. As mentioned above, the filmd/l. Sakata at the Department of Applied Physics at Nagoya
were grown on the Pt001) lattice plane with a fourfold University, for their great assistance in the experiments at
rotation axis perpendicular to the plane surface. Since th8L02B2 and their advice on structural analyses. They also
rhombohedral crystal does not grow on it, it is unlikely that awish to thank Professor K. Wasa of the Department of Envi-
monoclinic crystal without fourfold rotation symmetry ronment Science Faculty of Science at Yokohama City Uni-
would grow. versity for his valuable suggestions concerning this study.

35000 ~

30000

intensity (arb. units)

20 (deg.)

The present PZT films on the Fi01) plane are tetragonal
perovskites. If the films were grown on a Ptll) plane,
some or all of them might crystallize in the rhombohedral
phase. Further investigations are required. Moreover, th
above results and discussions suggest that, asan
Phy(Zrys7Tig.432-yO3 can be a factor affecting the phase
transition from the tetragonal system to the rhombohedr
system, likex in Pb(ZTi;_,)O5;. We also wish to continue T
our studies on crystal structure with Pb/{TZr) as a param-
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