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Enhanced thermodynamic stability of tetragonal-phase field in epitaxial
Pb(Zr,Ti)O4 thin films under a two-dimensional compressive stress
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Department of Materials Science and Engineering, and Laboratory for Physics/Chemistry of Dielectric
Materials, Pohang University of Science and Technology (POSTECH), Pohang 790-784, Korea

(Received 21 July 1997; accepted for publication 26 January)1998

A two-dimensional thermodynamic model was developed to account for the observed difficulty in
the fabrication of epitaxial REr,Ti)O; (PZT) thin films in which tetragonal and rhombohedral
phases coexist. The thermodynamic formalism based on the Landau—Devonshire’s
phenomenological theory predicts the enhanced thermodynamic stability of the tetragonal-phase
field under a two-dimensional compressive stress. We have experimentally proved this prediction by
fabricating an epitaxially oriented tetragonal PZT thin film on MgO substrate with the target
composition corresponding to the bulk morphotropic phase boundéRB). © 1998 American
Institute of Physicg.S0003-695(98)02412-7

Up to date, extensive efforts have been made for theevealed that a stress could be very effective in displacing the
fabrication of epitaxially oriented RBr,Ti)O; (PZT) thin MPB in the PZT systefhand that the ferro-para transition
films in which tetragonal and rhombohedral phases coexisemperature of the PbTiQhin film was increased by a two-
with each othel=2 Bulk polycrystalline PZT ceramics hav- dimensional compressive strésEherefore, one does expect
ing the two-coexisting-phases can be easily fabricated by adhat a two-dimensional compressive stress with its direction
justing the ratio of Zr to Ti to near 52:48. A bulk PZT speci- perpendicular to the axis can give rise to the shift of both
men in the vicinity of this composition is characterized bythe MPB and the transition temperaturg.) in the epitaxi-
the morphotropic phase boundaiiyPB) on which the two ally oriented PZT films. If the thickness of the substrate is
phases coexist without the solubility gdpot obeying the much greater than that of the film and a thermal sttegss
lever rule.* Let us call this composition as the bulk MPB uniformly developed throughout the film, the magnitude of
composition(i.e., Zr:Ti=52/48. Polycrystalline PZT ceram- the thermal stress exerted on the epitaxially grown film can
ics usually exhibit their maximum values of the relative di- be estimated using the following relatifn:
electric permittivity and the electromechanical coupling co- _
efficient in the vicinity of the MPE. Therefore, a great deal o=(8s=ag)/ (st S)AT, @)
of effort has been made to obtain an epitaxially oriented PZTwhereag anda;, respectively, are the linear coefficients of
thin film in which the two phases coexist. Until now, how- thermal expansion for the substrate and the f8f, s, are
ever, these attempts have not been successful even with thige elastic compliances of the film, addrl is the tempera-
compositions near the MPB3 ture difference. We have estimated the thermal stress using

In this letter, we have examined the reason behind th¢he following values*®® s,,=6.785<10" 2 m?N, s;,
observed difficulty in the fabrication of the epitaxial PZT =—2.5x10 2 m?/N, a;=13.3x10 6 °C™? (for MgO), as
thin film in which the two phases coexist and developed a=9.0x 10 ° °C™* (for PZT). This type of simple calculation
two-dimensional thermodynamic model for epitaxial ferro- suggests that the thermal expansion mismatch between the
electric thin films. This formulation based on the Landau—PZT film and the MgO substrate can result in a large net
Devonshire’s phenomenological theory predicts an extensionompressive stress<(1.0 MPa/°C).
of the tetragonal-phase field under a two-dimensional com- We will use the phenomenological thermodynamic for-
pressive stress. We have experimentally proved this predianalism to show directly that a two-dimensional stress not
tion by fabricating an epitaxially oriented tetragonal PZT only provokes the shift of the MPB in the epitaxial PZT thin
thin film on MgO substrate with the target composition cor-films but also forces them to be in the tetragonal-phase field.
responding to the bulk MPB composition. For this purpose, we first consider the elastic Gibbs function

Applications of the Landau—Devonshire’s phenomeno-in the absence of antiferroelectric polarizations and oxygen
logical thermodynamic formalism to ferroelectric perovskitesoctahedral tiltings®

AG=a;(PT+P3+P3)+ ayy(Pi+P5+P3) + arl PIP5+P5P5+PIPT) + ayyy( P+ P53+ PY)
+ a11d P1(P3+ P3) + P3(P3+P]) + P3(PI+ P3) ]+ a1psP1PoPE— 1/251,( X3 + X5+ X5)
=512 X1 Xo+ XpXg+ X3X1) = 112544 X5+ X3+ X§) — Quu( X1 Pi+ XoP5+ X5P3)
—Que X1(P3+P3) + Xp(P3+P]) + X3(P1+ P2) ]~ Qau X4P2P3+ XsP3P1+ XeP1P2), )
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where P; is the magnitude of the polarization vector along of any external fieldi.e., JAG/JdP;=E;=0) one can derive
the directioni, «; is the dielectric stiffnessy;; , a;j are the  the following relations for the spontaneous polarization and
high-order stiffness coefficients at constant stregs, Sq,, the elastic Gibbs free energy:

s44 are the elastic compliances measured at constant polar-

ization, andQq;, Qi,, Q4 are the electrostrictive coeffi- Cubic Phase:

cients written in polarization notation. In the reduced nota-

tion, X;, X,, X5 denote the tensile stresses afd Xs, Xg P2=P2=p3=0,

the shear components. The dielectric stiffness constant, 4

is assumed to be a linear function of temperature near the AG=—(sy;+ S1p) 02

Curie temperaturéthe Curie—Weiss lay All other coeffi-

cients are assumed to be independent of temperature, and Tetragonal Phase:

their optimized values are given in a series of papers reported

by Haun and co-worker€:* , o, —autlad—3ay(a;+2Q,0) ]
We are now considering the elastic Gibbs function inthe ~ P3=Ps= ,

. . . 3agy
presence of a two-dimensional compressive stress. The fol-
lowing relations hold under this condition: P2=pP3=0, ©
5
Xi=Xo=—0, X3=X4=X5=Xg=0, 3
1 2 7 3 4 5 6 ( ) AG:_(511+312)0'2+(a1+2Q120')P§+Ofllpg
where the negative sign signifies a compressive stress. Using 5
the partial derivative oA G with respect tdP; in the absence + a111P3.
Rhombohedral Phase:
p2_p2_p2_p2__ (a1t ar) +[ (et a1)?=13(Bagy+ 6aqipt a1p) (3ag +20Qq+405Q) |12
et BaytBagipt e ' ®)

AG: _(Sll+ 812)0'2+(3a1+ 2Q110'+4Q120') P§+ 3(0{11"’ 0112) Pg+(3alll+ 6a112+ CY123) Pg

Imposing the condition thah Ge=AG,,om @t the MPB  increases. This tendency increases with increasing tempera-
and thatA G pic= A G hom OF AGpic= AGye @t the transition  ture so as to make the cubic-tetragonal phase transition pos-
temperature T;), one can simulate phase diagrams for asible even though the rhombohedral phase is more stable at
given value of the compressive stress. Figure 1 shows theom temperature.
effect of compressive stre$50 MP3 on the shift of the From the above results, it can be said that the stability of
MPB and the transition temperature. As shown in Fig. 1, at dhe tetragonal-phase field is enhanced by the presence of the
given temperature the MPB moves toward thecompressive stress. Thus it is expected that, unlike bulk
rhombohedral-phase field as the applied compressive strepslycrystalline ceramics, the teragonal phase will not coexist
with the rhombohedral phase even at the bulk MPB compo-
sition when a two-dimensional compressive stress is effec-

500 tive on the epitaxial PZT thin film.
In order to experimentally verify this prediction we have
400 prepared PZT thin films using a radio-frequency magnetron
sputtering system and investigated their crystal structure.
300 The chemical comp_osition of the target used in the present
) study is P@_1(2r0_52T|0_48)03. Aq excess amount of P'b was
3 used to obtain a film composition close to the desired sto-
£ 200 ichiometry. The sputtering conditions employed in the
F present study are summarized in Table I. The deposited films
100 | ptombonedral were anne_a_led on the ;ubstrate heater at_ 6_50_ °C in air ambi-
---+ ¢ =50MPa ent to stabilize perovskite phase and to minimize other stress
! effects except for a thermal stress.
0 ] 1 ] 1 ]
0 0.2 0.4 0.6 0.3 1 TABLE |. Sputtering conditions.
Mole fraction of PT RF power 20 W
FIG. 1. The computed phase diagram of PbZRbTiO, pseudo-binary sys- Sputtering gas Ar/O, (90/10)
tem, showing the effect of two-dimensional compressive stress on the shift Gas pressure 121072 Torr
of the MPB andT.. The solid lines represent the MPB afd in the Substrate temperature 520 °C
ahsence of the compressive stress. On the other hand. the datfed lines cor-  Target-substrate distance 80 mm

respond to those under the stress.
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FIG. 3. X-ray® scan diffraction spectra ¢&) PZT (56/44) thin film and(b)

FIG. 2. XRD patterns of the PZT target and the thin fil@a). target speci- MgO substrate.

men with the composition RR(Zry5,Tip 4903, (b) thin film deposited on
(001 MgO single crystal.

ally grown as PZ1001)//MgO(00J). It also reveals that, due

The chemical composition of the film was investigated!© & compressive thermal stress, the PZT film has a tetrago-
as choosing its target to be a reference sample. Energy digal structure in which the-axis lattice constant is found to
persive x-ray(EDX) spectroscopy analysis showed that theP€ about 4.09 A and tha axis about 4.07 A. The estimated
Zr/Ti ratio (56/44) of the film was slightly larger than that of ¢-aXIs Igttlce constant is smaller than the reported value of
the target (Zr/TE=52/48). The x-ray diffractiotXRD) pat- thec_aX|s for the target_PZ'_['4.13 A). On the other hand, the
terns (with CuK, radiation of the PZT thin film and the 2-@XIs lattice constant is slightly larger than that for the bulk
target are shown in Fig. 2. As indicated in the figure, only thelarget specime4.04 A). Since thec/a ratio decreases with
(001) and (002) PZT reflections along with thé002) sub-  Increasing Zr[Ti ratio in the PZT, the observed discrepancies
strate reflection are visible in the filffig. 2(b)] without any ~ €an be attributed to the larger Zr/Ti ratio of the film (56/44)
peak splitting intoc or a axis. On the other hand, all of the compared to that of the target (52/48). _
relevant PZT peaks that are originated from the coexistence [N conclusion, the phenomenological thermodynamic
of the tetragonal phase with the rhombohedral symmetry ar810d€l presented in this letter indicates that an epitaxial PZT
visible in the bulk ceramics having the target compositionflm under a sufficiently large two-dimensional compressive
[Fig. 2@)]. Therefore, the XRD patterns indicate that thereStress should be tetragonal even though its composition
exists only one crystalline structure in the PZT film prepared£/Ti~56/44) corresponds to the rhombohedral phase field
from the bulk MPB compositior(i.e., Zr/Ti=52/48. The N a polycrystalline form. This prediction was experimentally
XRD analysis also suggests that its interplanar spacing pe':,_onflrmed by analyzing the structure of the PZT film fabri-
pendicular to the MgO substrate is 4.09 A. cated on the Mg(®01) substrate.

To examine the orientational relationship and the epitax- This work was supported by “POSTECH/BSRI Special
ial growth we have performed scans on the Mg@00 and  ,,4.1997" provided by the Basic Science Research Insti-
the PZT200) planes. For this purpose, we did the x-&26 ;o (BSR) at POSTECH
scan on the Mg@00) plane first and detected(200 MgO '
peak at #=42.91° and a200 PZT peak at 2=44.48°.

Thus, the PZT200) planes are almost parallel to the . _

MgO(200) planes. For a more precise measurement, we sub;? E:;‘aéafgzaag‘i YJ- TS::EZQEAA:%' th} ;?62(1?8& o 661094
sequently did the rocking at =44.48° and found that the  jgg > yan, & ‘ : » APRL IS

PZT(200 was tilted about 0.3° with respect to the 3| kanno, s. Hayashi, T. Kamada, M. Kitagawa, and T. Hirao, Jpn. J.
MgO(200). After adjusting the theté&d) for a precise Bragg  Appl. Phys., Part B3, 574(1994.

. . . 4
diffraction condition, 2 was remeasured for the PZD0Q) ~ W-Caoand L. E. Cross, Phys. Rev.48, 4825(1993. _
. . . L . B. Jaffe, W. R. Cook, Jr., and H. Jaffeiezoelectric CeramicgAcademic,
reflection. This acquainted us that its interplanar spacing wWas ey vork 1971,

about 4.07 A. Figure 3 shows the x-rdy scan spectra for  ¢a. Amin, R. E. Newnham, and L. E. Cross, Phys. Re\381595(1986.

the (200 reflections[26=42.91° for (2000 MgO and 2 723. A.:DRossetti, Jr., L. E. Cross, and K. Kushida, Appl. Phys. 1582524
_ o 1991).

=44.52 .fOI’ (200 PZT]. These peaks occur ne_arly at the 8M. Ohring, The Materials Science of Thin Film#cademic, London,
same azimutha angles as the substrate reflections and are jgg5

observed 90° apart. This is caused by the four-fold symmetry?G. v. samsonovThe Oxide Handbogkend ed.(IFI/Plenum Data Com-

of the specimen which is epitaxially grown as “cube on _pany, New York, 198p _
" 10M. J. Haun, E. Furman, S. J. Jang, and L. E. Cross, Ferroeleg8ic3,
cube.
. Parts I, II, IlI, IV, and V (1989.
The above experimental results clearly demonstrate thaty, ;. Haun. 7. Q. Zhuang, E. Furman, S. J. Jang, and L. E. Cross, J. Am.

the PZT tilm deposited on the MgU01) substrate is epitaxi-  Ceram. Soc72, 1140(1989.



