PHYSICAL REVIEW B VOLUME 62, NUMBER 22 1 DECEMBER 2000-II

Two-dimensional thermodynamic theory of epitaxial P Zr, Ti ) O3 thin films

S. Hoon Oh and Hyun M. Jafig
Department of Materials Science and Engineering and National Research Laboratory (NRL) for Ferroelectric Phase Transitions,
Pohang University of Science and Technology (POSTECH), Pohang 790-784, Korea
(Received 9 February 2000; revised manuscript received 16 Augusj 2000

Effects of film stresses on the phase stability and various ferroelectric properties of the epitaxially oriented
Pb(zr,Ti)G; thin film were theoretically investigated. For this purpose, a two-dimensional thermodynamic
model was developed using the Landau-Devonshire phenomenological theory. The theoretical computation
predicts an increase in the para-ferroelectric transition temperature and an enhanced thermodynamic stability of
the tetragonal-phase field, irrespective of the sign of sfiiess both tensile and compressivén particular, it
is predicted that tensile stress makes a new ferroelectric orthorhombic phase stable. We have also shown that
dielectric properties usually exhibit their maximum values at a newly established Zr-rich morphotropic phase
boundary, except for those parallel to the direction of the spontaneous polarization.

[. INTRODUCTION ies of hydrostatic stress effects on the bulk polycrystalline
PZT2~?"few theoretical studies have been made on the ef-

The lead zirconate titanaf®b(Zr,_,Ti,)O5; PZT] solid  fects of thin-film stresses on various properies of epitaxial
solutions with compositions near the morphotropic phaséZT thin films. Recently, Oh and Jafigriefly examined the
boundary(MPB) have been widely used in various piezo- effects of the film stress on the phase stability of the epitaxial
electric transducers:® The MPB of PZT system is charac- PZT thin film. Using the Landau-Devonshire-type thermody-
terized by a compositional phase boundary on which tetragdamic approach, they predicted an enhanced thermodynamic
onal and rhombohedral phases coexist without the solubilitptability of the tetragonal-phase field under a two-
gap” It is known that polycrystalline PZT ceramics usually dimensional compressive stress. However, their study was
exhibit their maximum values of the relative dielectric per- limited to the epitaxial film under a compressive stress only.
mitivity and the electromechanical coupling constant in theFurthermore, until now no one has systematically investi-
vicinity of the MPB® gated the effects of the film stress on various ferroelectric

In recent years, extensive efforts have been made for theroperties of the epitaxial PZT thin film.
applications of PZT thin films to various modern devices. In view of these facts, the main purpose of the present
These includei) pyroelectric IR sensord(ii) electro-optic ~ study is to systematically develop a phenomenological ther-
devices| (iii) surface acoustic wavéSAW) applicationd  modynamic theory that can be applied to PZT thin films
(iv) nonvolatile ferroelectric random access memoryhaving a wide range of compositions under both ter(silg.,
(FRAM) devices’*?and (v) microactuatord®**It is known  PZT/Si wafey and compressive stressesg., PZT/MgO.
that PZT thin films, in general, are quite different from their For this purpose, we have defined new boundary conditions
bulk ceramic counterparts in the microstructure and ferrorelevant to various possible phases in the epitaxial PZT film,
electric propertied® 2! These differences have been attrib- followed by the development of the elastic Gibbs functions
uted to(i) the presence of second phases between PZT filmgnd various theoretical relations as to ferroelectric properties.
and substrate¥:*® (ii) nonstoichiometric compositiorts, Using this approach, we have then theoretically predicted the
(iii ) residual stresses in filmt&;*°or/and(iv) surface and size €ffects of two-dimensional film stress on the thermodynamic
effects of thin films2%2! Optimization of thin-film process
could possibly eliminate the effects of these factors on the
structure and properties of PZT thin films. However, it is
very difficult, if not impossible, to remove the effects of
thermal stress even in an epitaxially deposited thin film. A
thermal stress in a thin film usually arises fraim the dif-
ference in the thermal expansion coefficient between the sub-
strate and the film, and frorii) the difference between the
working temperature and the deposition temperattiféhus,

a thermal stress is exerting two-dimensionally with its direc-
tion parallel to the surface of a given thin filtrig. 1).

A stress is one of the important variables which not only
influence ferroelectric properties but also affect the reliability
of ferroelectric device$?=?* Therefore, extensive efforts
have been made to theoretically understand the effects of FIG. 1. Schematic representation of three normal stresses
stresses on various properties of PZT solid solutions used i(X,,X,,X;) exerted on the epitaxially oriented thin film with its
modern electronics industries. However, contrary to the studerystallographic axesa; ,a,,as).

a,

Substrate
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these, the rhombohedral phase is further divided into a high-
temperature field Kgp7)) and a low-temperature one
(FreLt))- Contrary toF g1y, FrLm) has a tilting or a partial
rotation of the oxygen octahedron about fid4 1] axis of the
perovskite unit celf”?*3! |t is known that the

Fr 1 Freim-FreLT) transition is driven by a softening of the coun-

K 200\ Frem i 1: 1 terclockwise oxygen rotational phonon mode.
i il 1 Upon cooling, the paraelectric cubic phase undergoes a
/N L’ MPB | , AR
100} proper ferroelectric transition either to the tetragonal phase
Ao~} { Faur [ 1 or to the high-temperature rhombohedral state, where the

spontaneous polarization is the order parameter relevant to
this type of transition. On the other hand, tg1)-FrT)
transition is an improper ferroelectric phase transition in
FIG. 2. Phase diagram of PbZg@®bTiO; (PZT) solid-solution ~ Which a spontaneous tilting of the oxygen octahedron is the

system. order parameter needed to describe the phase transition. In

addition to these, an antiferroelectric-type polarization devel-
stability of various relevant phaséise., phase diagralhand  OPs when a discontinuous transition takes place from the
the temperature-dependent dielectric/ferroelectric propertiegerroelectricFr 1) state to the antiferroelectrig, state. In

this case, therefore, the appropriate order parameter is the

Il THEORETICAL DEVELOPMENT antiferroelectric polarization. In this study, however, we
have not considerelir 1) andAg phases because the coef-
The Landau-Devonshire-type phenomenological theoryicients that are related to the oxygen tilt angle and the anti-

can be applied to investigate various properties of typicaferroelectric polarization have not been determined yet. Be-
perovskite-based ferroelectrics that include BafliO cause we are mainly interested i) the para-ferro
PbTiO;, and PZT. In developing phenomenological thermo-transitions Pc-Fr and Pc-Fgyr)) and(ii) the tetragonal-
dynamic formalisms one has to first identify order param-rhombohedral +-Fg41)) transition near the MPB, we be-
eters relevant to each phase transition. The PZT solid soldieve that this simplification does not significantly alter our
tion has various stable phase fields, depending om@omputational results.
temperature and composition. These include paraelectric cu- Let us now consider the elastic Gibbs function. Based on
bic (P¢), ferroelectric tetragonalHy), ferroelectric rhombo- the Landau-Devonshire phenomenological thermodynamic
hedral Fg), and antiferroelectric orthorhombié\g) phases, theory, it can be expand&tf?in powers of polarization and
as shown in the PZT phase diagrdRig. 2). In addition to  stress as

0
0 02 04 06 08 1
Mole fraction of PbTiO,

AG= a;(P2+ P35+ P3)+ ayy( P+ P3+ P3) + ay o P2P5+ P3P+ P3P2) + a4 PS+ PS4+ PY)
1
+ayd PI(P3+P3)+ P3(P3+PY) + P3(PI+ PY)]+ a1oPTPIPS — S s1u(Xi+ X5+ X3) = 12 XaXo+ XoXa+ XaXy)

1
— 5S4 X3+ X5+ X8) — Qua X1 P+ XoP3+X3P3) = Quf Xa(P5+P3) + X5( P53+ P1) + X3(P{+ P5)]

— Qua(X4P2P3+ XsP3P1+XgP1P2), (2.1

whereP; andX; are the magnitude of the polarization vector optimized by the numerical fitting of the phenomenological
and the stress along the directiognin accordance with the computations to the available experimental data for polycrys-
crystallographic axes of the cubic phasg,is the dielectric  talline PZT ceramics. Their optimized values are given in a
stiffness,a;; , @ are the high-order stiffness coefficients at series of articles reported by Haun and co-worReérs.

a constant stress, arg} are the elastic compliances mea-

sured at a constant polarization. The last three terms that A. Boundary conditions

contain Q;; represent the electrostrictive coupling between The first step toward the thermodynamic formulations is
stress and polarizations. In the reduced notation, the normghe establishment of suitable boundary conditions. For this
stresses are denoted By, X, and X3, whereas the shear purpose, we have assumed that the stress distribution over
stresses are denoted By, Xs, andXs. The dielectric stiff-  the thickness direction can be approximated by an average
ness constanty,, is assumed to be a linear function of tem- two-dimensional film stres€3® Then, the following rela-
perature near the Curie poirithe Curie-Weiss lay All tions hold under this condition:

other coefficients are assumed to be independent of

temperaturé>2 All the phenomenological coefficients were X1=Xo=H, Xz=X,=Xs=Xz=0, (2.2)
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whereH denotes the two normal stresses whose directions B. Elastic Gibbs functions
are parallel to the substrate plane or to the crystallographic \ye are now in a position to derive various relations as to

axes,a; anda, (Fig. 1). A thin film is under a tensile stress forroelectric properties starting from a generic form of the
if H>0 and under a compressive stress when0. elastic Gibbs function given in Ed2.1). Applying various

Let us now consider various boundary conditions that ar§oundary conditions summarized in Eqg.2) and (2.3) to
related to the spontaneous polarization, and name these gg (2.1), one can obtain the following expressions for the
the boundary conditions for the phase stability. Then, eaclsstic Gibbs functions.

relevant phase in the PZT system should satisfy the follow- pgaalectric cubic R:
ing boundary conditions for the phase stability.

Paraelectric cubic R: AG=—(81;+ S H?; (2.4a
P2=P2=P3=0; (2.33 Ferroelectric tetragonal k:
Ferroelectric tetragonal F: Fri: AG=—(syy+S1p)H?+[a;—(Qu+Qi)H]P?
Fri: P3#0, P3=P3=0, (2.3b + a1 P+ aqg14PS, (2.4b
FT3: Pingzoy P§¢01 (23Q FT3: AG:_(Sll+slz)H2+(C¥1_2Q12H)P§+a’llpg
Ferroelectric orthorhombic f5: +a4PS; (2.49
PZ2=P3#0, P3=0; (2.3d  Ferroelectric orthorhombic & :
Ferroelectric rhombohedral Ry : AG=—(sy1+ 1) H2+ 2[ a;— (Qqq+ le)H]Pi
2_p2 2 2 2
PZ=P3+#0, P3+#0, PZ#P3. (2.39 +(2a11+ @) P1+2(aint+ a;)Py;  (2.40

As shown in Egs(2.3b and (2.30, the ferroelectric te- Ferroelectric rhombohedral RHm):
tragonal phase is further divided into two different fiekls

andF 3, depending on the direction of polarizatid®y, de- AG=—(s11+S1)H?+ @1(2P2+ P3) + ary4( 2P+ P3)
notes the ferroelectric phase in which the polarization devel- ) _— 6 6

ops along the, or a, direction, wherea§ 13 designates the +ay(P1+2P3)Pi+ a1y4(2P1+P3)

tetragonal phase in which the polarization is parallel to the 42 PS4 p4p24 p2p4) + p4p2

a5 direction(Fig. 1). It is known that the ferroelectric ortho- aud Pi+ PiPs+ PiPs) + a1 Py

rhombic phasefq, is not stable under the condition of zero —2Q11P?H—2Q( P2+ P3)H. (2.40

stress. We have included the boundary conditionFgrbe-
cause a stress in a thin film can possibly make the ortho-
rhombic phasd-, stable. The three polarization vectors are
generally equal in their magnitudes in the ferroelectric rhom- Various expressions for the spontaneous polarization can
bohedral phaseFgyr . Under the condition of two- be derived from the elastic Gibbs functions using the stabil-
dimensional stress, however, it is expected that they are naty criterion of the first partial derivativedA G/9P;=0), as
equal to each other, as given in E§.3e. shown below.

C. Spontaneous polarization

Paraelectric cubic R :

Ferroelectric tetragonal k:

p2__ gt Vag;—3ay ] a;—(Quut Qi) H]

Fri: 1= 3aq1; (2.5
—ap+ad;—3ag(a;—2QH)
Fra: P2= 11 11 1@y 12 : (2.50
agy
Ferroelectric orthorhombic &:
, —(Raptap+ V(2ay+ap)®— 12 agytag) ar—(Quit+ Qi H] _
p2= (2.50

6(a111t a119) ’

Ferroelectric rhombohedral Ry :
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~ —(ant 2a11P)) + (ayt2a11,P7)?~3agf a3~ 2QuH + (2aspt 159 P+ 2a1P1]

P2 : (2.59
3 311
p2_ _ 2a11+ agpt 2ay1P5+ a1pPs

! 6(a111t a119)

N V(2a1+ agpt 2a1P5+ a1oP3)2— 12(aggg+ agg) @ — (Quut Quo)H + a1 P+ agP3] (2.5
6(a111+ aq19) ' '
|

In case of the rhombohedral pha&y, and P5 could be ob- X12=4e0( a1 P2+ 4a115P]),  X23=x31=0; (2.60

tained, in principle, by simultaneously solving two self-

consistent equations, as given in E(s56 and(2.5f). How-  Ferroelectric rhombohedral kv :

ever, we were not able to obtain analytical expressions for

P, and P5. Therefore, we have employed the Newton's nu- X11= X22= 2eol a1+ (Ba11+ a19) P+ (15a 111+ 719 P]

merical method to obtain these. 22 2 4
t(6a1ot a1 PIP3+ a1P3+ aq1P3

D. Dielectric properties —(Qu+Q)H],
Various expressions for the reciprocal relative dielectric ) A -
susceptibility (relative dielectric stiffnessy;;) can be de-  xa3=28o[ a1+ 2a1PT+ (2a115F @129 P+ 120011,P1P3

rived using the boundary conditions given in E¢&.2) and
(2.3) and the second partial derivative of the free energy
function Xij(:soazAG/aPian), wheregy is the dielectric

+6a11P5+ 15a11;,P5— 2Q 1 H ],

2 4 2p2
permittivity of free space. The results for each relevant phase X12=480(a1P1+ 4a11P1+ a1,3P1P3),
are summarized below.
Paraelectric cubic R: X23= Xa1= 4l @1P1P3+ (2a 115+ 129 PiP3
X11= X22= 280 @1~ (Qu+ QuH], +2a115P 1 P3]. (2.60
X33= 2&0(@1—2Q1,H), The dielectric susceptibility coefficientg; can be deter-
mined from the reciprocal of the dielectric stiffness matrices
X12= X23= X31=0; (2.6a  y;; as follows.

Ferroelectric tetragonal k: Paraelectric cubic R:

Fry: 7117 M22= x11,  733= Llxas,

X11= 28 3+ 6a11PF+ 15041P7— (Quut+ Qi) H], 712= 725= 731=0; (2.79

2 Ferroelectric tetragonal Fk:
X22=2eo[ a1+ 1P+ a11PT— (Qu+ Qi) H], g fr

Fri:
X33= 280( a1+ aPi+ a1 PT—2QH), ™
=1/x11, =1lx20, =1/x33,
X12= X23= X31=0; (2.6b) 711 X11 722 X22: 733 X33
Fra: 712= 123~ 731=0; (2.7b
X11= X22= 28 @1+ 1P+ a11P3— (Qui+ Q) H], Frs:
X33=2€0( a1+ 6aq,P5+ 15011,P3—2Q1,H), 711= 722~ Uxa1,  733= Lxas,
X12= X23= X31=0; (2.60 712= 123= 731=0; (2.79
Ferroelectric orthorhombic f: Ferroelectric orthorhombic & :
X11= X22= 28 a1+ (6ay1+ 221 PT 711= 120= X1/ (Xor— x32)»  m3s=Lxas,

+(15a11:+ 711 P1—(Quu+ Qi) H],
(L8arirt 7a11)P1~ (Quit QuH] o= —X12l (X1~ XD, M= nu=0; (270

X33=280(a1+2a 1 Pi+ (2a111+ a1 P1—2Q 1 H), Ferroelectric rhombohedral Ry :
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2 _ Ill. RESULTS AND DISCUSSION
X137 X11X33

1= 71227 In this section, we will present various computational re-

sults related to the phase stability and ferroelectric properties

of the epitaxial PZT thin film. For this purpose, we have used

— (X121t x12) various equations derived in Sec. Il and the phenomenologi-
2X§3—(X11+X12)X33’ cal coe]‘ficients reported in thel Iitera_ltLﬁ?eThe ferroele.ctric.

properties that we have examined include the elastic Gibbs

(X112~ X12[2x35— (X117 X12) X33l ,

7133~

2 free energy, the spontaneous polarization, and the dielectric

M= X137 X12X33 , susceptibility. For the purpose of comparison, we have cho-

(x11— X12)[ 2X35— (x11+ X12) X33] sen the PZT systems having two different compositions with

Zr/Ti=70/30 and 30/70. In the absence of stress, the former

X13 (i.e., ZrlTi=70/30) corresponds to the rhombohedral phase

723~ N31= = . (2.7  while the latter belongs to the stable tetragonal-phase field.

2x13~ (X111 X12) X33
The above relative dielectric susceptibility coefficients are A. Phase diagram

based on the three crystallographic axes of the cehjg, The presence of film stress may strongly affect the ther-

symmetry. Dielectric susceptibilities, in general, are ex-modynamic stability of various phases involved. Therefore,

pressed as values according to the polar directions. Thergr-is useful to systematically examine the effect of the nature

fore, for orthorhombic and rhombohedral phases, new susor sign of film stress on the stability of each relevant phase

ceptibility coefficients are needed because the directions qbr a wide range of temperature. In Figs. 3 and 4, the elastic
polarization, in these cases, are not parallel to those for thgibbs free energies are plotted as a function of temperature
original cubic axes. However, in case of the rhombohedrafor three different stress states. In case of the tetragonal
state, the newly formed dielectric susceptibility coefficientsphase, we have plotted the results only for the more stable
are extremely complicated to handle because the magnitugshase among the two possible stafeg, andF3. Certainly,

of polarization vector depends on the directiGire., PZ  the free energies of both states are equal to each ¢tleer

= P2+ P3) under a two-dimensional stress. Therefore, in thisgeneratg in the absence of stress. The effects of the two-

study, we have examined various ferroelectric properties usdimensional film stress on the elastic Gibbs free energy of
ing the dielectric susceptibility coefficients obtained from thethe PZT 70/30 (Zr/T+70/30) are summarized in Fig. 3. In

original cubic axes. the absence of stress, the rhombohedral phase has the lowest
-6 I -6 T -6 T lr
(@ OPa | (b) 100 MPa (c) -100 MPa,
| :|
| .
| O
— -8+ : ER(HT); -8- : ::n(H'r) !' -8r __. Frs | :
_E, T A 11 -------- Fo i1 FIG. 4. Elastic Gibbs free energy of tetrago-
R [ Fo i | | - Fo O _
FA0- j 1oL ] i | nal, orthorhombic, and rhombohedral phases
(2' 0 A -10 /’/’! -10 A plotted as a function of temperature for the PZT
- AN A1 J 30/70 (Zr/T=30/70) at three different values of
T P i s R I s two-dimensional stresga) 0 Pa, (b) 100 MPa,
2Lt [ Te M2 and(c) —100 MPa.
- e \ e
F; ! Pc Fry : Pc Fis : Pc
14 | | i 14 | | Lil 14 | | L'
200 300 400 200 300 400200 300 400

Temp. (°C) Temp. (°C) Temp. (°C)
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700 700
600 600}
500 500
g 400 2 400
g ¢
0 300 . kS 300
200 200 ‘
F i = —100 MPa
100} 10f MM \.
0 1 1 : 1 1 0 1 1 i 1 1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Mole fraction of PbTiO, Mole fraction of PbTiO,
FIG. 5. The computed phase diagram of PbZ®@bTiO, (PZT) FIG. 6. The computed phase diagram of PbZ®@bTiO; (PZT)

pseudobinary system, showing the effect of two-dimensional tensil@seudobinary system, showing the effect of two-dimensional com-

stress on the stable phase field. The dotted lines represent the phasessive stress on the shift of stable phase boundaries. The dotted

boundaries in the absence of stress. On the other hand, the solides represent the phase boundaries in the absence of stress. On the

lines correspond to those under a tensile stress of 100 MPa. other hand, the solid lines correspond to those under a compressive
stress of—100 MPa.

free energy for temperatures below the Curie pdigtand,
thus, is the stable state. This is consistent with the conclusiofhe existence of a new ferroelectric orthorhombic phase be-
drawn from the experimental phase diagram presented ify e it is experimentally identified.

Fig. 2. As shown in Fig. @), the para-ferro transition point
(T¢) increases and the ferroelectric orthorhombic phase b
comes the stable phase field betweenr and T in the
presence of tensile stress. It is expected that the presence
tensile stress expedites the polarization to align alongthe
or a, direction. In the presence of compressive stress, th
para-ferro transition pointT(c) also increases but the tetrag-

To experimentally test our theoretical predictions, we
%have estimated the cubic-tetragonal transition temperature of
the epitaxial PZT 30/70 filnfthickness 200 nion a MgO

01) substrate using the method of differential thermal
analysis(DTA; Perkin Elmer DTA-7. In addition to this, we
Rave separately prepared a high-purity sol-gel-derived PZT

30/70 powder and measured the transition temperature in the
onal F hase now becomes the stable phase betw " :
andTCT3 gs shown in Fig. @). It is expectgd that the ?:?:n absence of any stress. The transition point of the PZT 30/70

pressive stress promotes the spontaneous polarization to &N ©n MgO was 470 °Qcooling cycle. The difference in
oriented along tha direction or perpendicular to the sub- the transition temperature between these two PZT samples

strate plane. Thus thEq; phase becomes stable with in- Was slightly larger than 3Q°, suggesting that the compressive
creasing compressive stress. thermal stress developed in the film was larger than 100 MPa
Figure 4 presents the elastic Gibbs free energy of the TitFig. 6) for temperatures above the transition point. XRD
rich PZT 30/70 as a function of temperature. Irrespective oRnalysis further indicated that the film was higlehaxis ori-
the sign, the presence of film stress increases the Curie tergnted for the thickness up to 200 nm. This indicates that the
perature slightly, and the tetragonal phase is the stable pha&e; phase is stable below the cubic-tetragonal transition tem-
field below T. The computational results further indicate perature, and is consistent with the theoretical prediction as
that the stability ofF; is enhanced by the presence of ten-presented in Fig. 6. From these experimental observations
sile film stress while the tetragonBl; is stabilized under a one can conclude that the displacig-F 13 phase transition
compressive stress. This is because the polarization is likefigmperature of the PZT 30/70 film on a Mg@01) substrate
to align along the direction of tensile stress. is substantially higher than the transition point of the stress-
The computed phase diagrams of the epitaxial PZT thirfree PZT 30/70 powder.
film under two-dimensional tensile and compressive stresses According to our detailed theoretical estimates, the Zr/Ti
are respectively presented in Figs. 5 and 6. For the identifiratio should be greater than 60/40 for the fabrication of the
cation of phase boundary, we have used the fact that a phaspitaxial PZT film in which tetragonal and rhombohedral
transition occurs whenever two lowest free energy curvephases coexigabbreviated as the MPB PZT filmThis ratio
intersect each other. The dotted lines represent the phasggnificantly deviates from the bulk MPB composition
boundaries in the absence of stress while the solid lines cofZr/Ti=52/48). Therefore, our computations, partly pre-
respond to those under a two-dimensional stress. As showsented in Figs. 5 and 6, adequately explain the observed
in the figures, irrespective of the sign of film stress, the Curiglifficulty in the fabrication of the MPB PZT film using a film
temperature increases and the tetragonal-rhombohedral tracemposition in the vicinity of the bulk MPB. Based on all
sition points (the MPB move toward the rhombohedral- these theoretical arguments, we have recently fabricated the
phase field under a two-dimensional film stress. One of thepitaxial MPB PZT film using the Zr/Ti ratio greater 60/40,
prominent features of the simulated phase diagram under supporting our theoretical prediction. A more detailed dis-
tensile stress is the appearance of the stable orthorhombicussion on the fabrication of the epitaxial MPB PZT film
phase field. The simulated result thus predicts a possibility ofvill be given in a forthcoming paper.
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FIG. 7. Simulated spontaneous polarization of the PZT 70/30 vs FIG. 8. Simulated spontaneous polarization of the PZT 30/70 vs
temperature at three different values of two-dimensional stfass. temperature at three different values of two-dimensional st(ess:
0 Pa,(b) 100 MPa, andc) —100 MPa. 0 Pa,(b) 100 MPa, andc) —100 MPa.

B. Spontaneous polarization under a tensile stress while it is parallel to g direction
under a compressive stress. All these computational results

Let us now examine the simulated spontaneous polariza

tion as a function of temperature. The effects of the two-2'¢ consistent with those of the Ti-rich region of the simu-

dimensional film stress on the temperature-dependent spo”ﬁted phase d;a:grams, ftls sr?own n FF.'gS'75 %Edth& BeS'?:E."S’ a
taneous polarization of the Zr-rich PZT 70/30 epitaxial thin €OMpArson of the Tesufts snown in F1g. 7 wi 0s€ in F1g.
film are summarized in Fig. 7. As shown in the figure, the8 mo_hcates that, Irrespective of the sign of f|I_m stress, a dis-
presence of two-dimensional film stress, irrespective of thgontmuous change in the spontaneous polarization at the Cu-

sign, increases the para-ferroelectric transition temperatur e point IS much more pronoqnced in the Ti-rich region of
However, phase transition characteristics are not signifi-.e MPB (ie., PZT 30/7Q. This reflects the fact that _the
cantly influenced by the presence and the sign of film Stres{!lscont.mupus_vo!qme change at tRe-F 3 (or Fr) transi-
Under a tensile stress, the spontaneous polariz&tioasso- lon point Is significantly larger than that at ti-Freur)
ciated with the formation of the orthorhombic phdsg first transition temperature.

appears at the Curie temperature, and the polarization in-

creases until the orthornombic phase,, transforms to the C. Dielectric properties

rhombohedral phas€gr) . Under a compressive stress, on  The computed dielectric susceptibility coefficients of the
the other hand, the spontaneous polarizakgrof the tetrag-  PZT 70/30 and 30/70 epitaxial thin films are plotted in Figs.
onal phasef3, occurs first upon cooling from the paraelec- 9 and 10, respectively, as a function of temperature. As
tric state. These predictions are consistent with those of thehown in Fig. 9, there occur two consecutive ferroelectric
computed phase diagrams of the epitaxial PZT thin films, agansitions in the epitaxial PZT 70/30 under a two-
presented in Figs. 5 and 6. dimensional film stress. They are tRe-Fo andFo-Frgm

As discussed in the previous theoretical sect®fi=P5  transitions under a tensile stress, whereas they are the
+P3 for Frim under a two-dimensional stress whiRg Pc-Frs and Fyg-Fgr) transitions under a compressive
=P3=P3 in the absence of stress. Furthermore, under thetress.
condition of tensile stress, the polarization parallel todhe In the presence of tensile stresg, should be much more
or a, direction should be larger than that parallel to the  susceptible to th®-Fg transition than thé o-Fgyr tran-
direction(Fig. 1). This explains whyP, is consistently larger sition. This is because th.-F transition involves a dis-
than P, for temperatures below thEo-Fgyr transition — continuous change in the polarizatiét but not inP3. On
point, as shown in Fig.(B). Contrary to this, a reverse trend the other hand, the latter invokes a discontinuous appearance
is expected under a compressive stress, as shown in(€lg. 7 of P3 from 0 [Fig. 7(b)] upon cooling the epitaxial film.
for temperatures below ther-F gy transition point. Therefore, 733 should be susceptible to they-Fggy) tran-

The effects of the film stress on the temperature-sition while it is rather insensitive to thBc-Fq transition
dependent spontaneous polarization of the Ti-rich PZT 30/7that does not involve a change . Nevertheless, there
epitaxial thin film are summarized in Fig. 8. Irrespective of should be an additional weak peakijg; at theP¢-Fg tran-
the sign of stress, the tetragonal phase becomes stable belsition point and in,, at theF5-Fg(y1) transition tempera-
T and the Curie temperature increases slightly under a twaure.
dimensional stress. As indicated in the figure, the direction of Similar arguments can be applied to an epitaxial film un-
the spontaneous polarization is parallel to thedirection  der a compressive stress. In this cage, should be much
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FIG. 9. Computed (_jielectric susceptibility (_)f the _PZT 70/30vs  FiG. 11. Computed dielectric susceptibility of PZT solid-
temperature at three different values of two-dimensional stf@ss: gq|ution system at 25°C plotted as a function of composition at

0 Pa,(b) 100 MPa, andc) —100 MPa. All the computations are tyree different values of two-dimensional stre&:0 Pa, (b) 100
based on the original cubie s, symmetry. MPa, (c) —100 MPa.

more susceptible to thd=r3-Fgyt) transition than the
Pc-F5 transition because the former involves a discontinuperpendicular to the polar axis in the vicinity of the Curie
ous change in the polarizatid®, (or equivalentlyP,) from  point. However, as shown in Fig. 10, this trend is reversed as
0. On the other handys; should be susceptible to the temperature decreases and goes away from the Curie point.
Pc-F13 transition because it accompanies a discontinuou¥his is caused by the ratio of a1,/ @1, used in the phenom-
change inP3 at the Curie point. The computational result enological thermodynamic theory. For Bagi@nd PbTiQ
shown in Fig. 9c) clearly supports these conclusions. Be-systems, this reversal in the dielectric susceptibility has been
cause thé r3-F () transition also involves a change in the studied theoretically and confirmed experiment&fty®® Fig-
direction and the magnitude &3, 735 should also be sen- ure 1db) also shows that the dielectric susceptibilities for the
sitive to this first-order transition. As you see in Figc®  F1; phase under a tensile stress are different from each other
there is a discontinuity inys; at the Frg-Fgreyr) transition (71,7 7,,# 733). These differences are formally given in
point. Egs.(2.6b and(2.7b and are caused by the special bound-

It is interesting to notice that the dielectric susceptibility ary conditions related to thEr, phase, as presented in Eq.
parallel to the polar axis is higher than the susceptibility(2.3b).

The compositional dependence of the dielectric suscepti-

8r bility coefficients of the epitaxial PZT film at 25 °C is plotted
_. 8 (@)0Pa o :]‘“ in Fig. 11 for three different states of two-dimensional stress.
f 4L % As indicated in the figure, the MPB composition that leads to
- 2L i the Fy-Fgu) transition at near 25°C moves toward the
?00 260 3(‘)0 4(‘)0 560 500 rhombohedral-phase field, regardless of the sign of two-
dimensional film stress. As a result of this, the dielectric
Z- (b) 100 MPa -~ Ty, susceptibility under a two-dimensional stress generally ex-
= I —— My hibits its maximum value at a newly established MPB com-
= 4t - na_s‘_,x’“‘\ ________ position (i.e., Zr/Ti>52/48).
B Fr, | Pec For the susceptibility corresponding to the direction of the
0 200 300 400 500 600 spontaneous polarization, however, the composition for the
8 peak dielectric susceptibility is little changed from its origi-
[ (c)-100 MPa nal MPB compositior(i.e., Zr/Ti=52/48), as shown in Fig.
T Lf - :n 1;(b) fgr 71, and F|g. 11c) for 733: Under a twq-
c i S o ] dimensional compressive stress, thg direction, which is
2 P  F | Pe the direction of the spontaneous polarizatiorFgt, is rela-
D0 200 300 400 500 600 tively under a tensile stress. Because a tensile stress exerts

along the direction of the spontaneous polarizatigg, is

not likely to be greatly influenced by the film stress. Similar
FIG. 10. Computed dielectric susceptibility of the PZT 30/70 vs arguments can also be made #pr, under a two-dimensional

temperature at three different values of two-dimensional sttess: tensile stress. All these computational results suggest that

0 Pa,(b) 100 MPa, andc) —100 MPa. dielectric properties generally exhibit their maximum values

Temperature (°C)
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at a newly established Zr-rich MPB composition, except forpara-ferroelectric transition temperature and an enhanced
those parallel to the direction of the spontaneous polarizatiothermodynamic stability of the tetragonal-phase field, irre-

that tends to align along the direction of tensile stress. spective of the sign of film stregse., both tensile and com-
pressive. The computation of the composition-dependent di-
IV. CONCLUSIONS electric properties suggests that, irrespective of the sign of

i N _ film stress, dielectric properties usually exhibit their maxi-
Effects of film stresses on the phase stability and variougnym values at a Zr-rich MPB.e., Zr/Ti>52/48), except for

ferroelectric properties of the epitaxially oriented those parallel to the direction of tensile stress or the direction

using a two-dimensional thermodynamic model based on the

Landau-Devonshire phenomenological theory. For this pur-

pose, we defined boundary conditions relevant to various

possible phases in the epitaxial PZT film, followed by the This work was supported by the Korea Research Founda-

development of the elastic Gibbs functions and various thetion (KRF) under Contract No. 1998-017-E00136 and by the

oretical relations as to ferroelectric properties. Korea Institute of Science and Technology Evaluation and
The theoretical computation predicts an increase in thélanning(KISTEP) through the NRL project.
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