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Variations of the dielectric properties of ferroelectric thin films with the misfit st@jnin the
film/substrate system and the associated biaxial straaside the film are analyzed theoretically.
Calculations are performed in a mean-field approximation for the dielectric response displayed in a
plate-capacitor setup by single crystalline films epitaxially grown on tensile subst&te0(. It

is shown that, in the absence of misfit-strain-induced phase transitions, the film dielectric
susceptibility 733 obeys the Curie—Weiss-type lawyss(Sy)=eoKs/(Sm—Sn), 733(0)
=¢goK,/(o—0*). Theoretical predictions are compared with the measured stress dependence of
the dielectric response of polycrystalline B8r, sTiO5 films grown on Pt/SiQ/Si. The theory
explains the observed dielectric behavior and predicts the existence of in-plane polarization state in
this film/substrate system. @000 American Institute of Physid$S0003-695(00)03542-7

For many applications of ferroelectric thin films, such as  In this letter, we analyze the strain and stress effects on
cells for GBit dynamic random access memories, integratethe dielectric response exhibited by perovskite ferroelectric
decoupling capacitors, high-frequency transducers, etc., flms in a conventional plate-capacitor setup. For clarity, we
high electric permittivity is required.The dielectric proper- consider only ferroelectric overlayers grown on cubic sub-
ties of a thin film, however, depend not only on the ferro-strates providing positive misfit strains in the heterostructure.
electric substance itself, but also on the substrate material To describe the above effects theoretically, we will cal-
and other factors. In particular, these properties should beulate the dielectric response of a single crystalline epitaxial
strongly affected by the lattice misfit between the film andfilm using the thermodynamic theory, which was developed
substraté* recently>* In contrast with Refs. 3 and 4, a specific feature

The misfit-strain changes directly manifest itself in theof the film dielectric properties will be reported here.
variation of the in-plane lattice parameter, which can beNamely, our concept is to demonstrate that the reciprocal
evaluated by the x-ray diffractiohEven in the same film/ dielectric susceptibility of a ferroelectric thin film may be a
substrate system, the misfit stré8p, may differ for films of  linear functionof the misfit strainS,, (or internal stressr)
different thicknesses because of the strain relaxation caus&yen in the presence of a substantial spontaneous polariza-
by the formation of misfit dislocationsStrong changes of tion Ps.

S, with increasing film thickness are evident in Consider a(001)-oriented film grown on a thick001)
BaTiO;/Pt/MgO and BaTiQ/SrTiO; heterostructures® The  substrate above the temperature of ferroelectric phase transi-
misfit strain can also be tuned to a certain extent by bendingon. When the film is in a paraelectric state, the reciprocal
the substrate by an external load. Such a bending test walelectric susceptibilityyss in the film thickness direction is
recently performed by Shawt al. for Ba, -SrsTiO5 films @ linear function of the misfit straf? ys=2a;
grown on platinum coated silicon substraféhey evaluated —4SmQ12/(S11+S12), Wherea, is the dielectric stiffness of
the associated change of the in-plane biaxial steessthe  a bulk crystal, which linearly depends on temperaflirQ,
film and attributed the observed variation of the capacitancés the electrostrictive constant of paraelectric phase, sgnd
to the stress effect. During the dielectric measurements, howare the film elastic compliances at constant polarization.
ever, the film grown on a thick substrate is under a fixedTherefore, to describe the misfit-strain dependence of the
strain, but not at constant stresSBesides, in the presence of dielectric susceptibilityyss, a Curie—Weiss-type law
spontaneous polarization, the stress is not directly related to
the strairf Therefore, the stress effect is not equivalent to the &Ky

- e - 733(Sm) = > 1)
underlying misfit-strain one. Sm—Sh
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pertsev@domain.ioffe.rssi.ru +519)/(4e0Q12), and Si(T)=ay(T)(S11+512/(2Q1p) is

0003-6951/2000/77(16)/2596/3/$17.00 2596 © 2000 American Institute of Physics
Downloaded 15 Dec 2006 to 134.94.122.39. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



Appl. Phys. Lett., Vol. 77, No. 16, 16 October 2000

the critical misfit strain, at which the paraelectric phase lose
its stability against the appearance of the-of-planepolar-

ization P5. Since in the absence of spontaneous polarization

the in-plane biaxial stress equalso=S,/(S11+S19), the
dependenceysz(o) obeys the relation

SOK(T

733 0) = )

o—o*
similar to Eq. (1), with K,=—(4g,Q1») ! and o*
=a;/(2Q4). This corresponds to a linear relationship for
x33(0) discussed by Shaet al.” However, as follows from
the misfit strain-temperature phase diagrams of ferroelectri
thin films* Egs. (1) and (2) are valid only at misfit strains
not exceeding the second critical valugy* =a;(s1;
+519)/(Q11+Q1y), at which the paraelectric state loses its
stability against the appearance of theplane polarization.
Since the ferroelectric phase transition in thin films is of
the second order, just below the transition temperature th
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EIG. 1. Misfit-strain dependence of the reciprocal dielectric susceptibility
X33 computed for single domain and polydomain BaJ&pitaxial thin films

sixth-order polarization terms in the free-energy expansior; o5 oc.

may be neglected. In the resultir®f* approximation, the
Curie—Weiss-type laWEqgs. (1) and(2)] remains valid, de-

spite the appearance of a nonzero spontaneous polarizati%Q

Ps. Indeed, the polarization correction to the reciprocal sus
ceptibility y33 is proportional toPg, which linearly depends
on the strainS, in the discussed case. However, the param
eters involved in Eqs(1) and (2) now differ from those
characterizing the paraelectric state. For single-domai
BaTiO; (BT) and PbTiQ (PT) films, where the ferroelectric
transition atS,,>0 results in the formation of the orthorhom-
bic aa phase with in-plane orientation &,>* we obtain

. a1(1—-2r)(sy1+ 5812
M 2[—Qqptr(Qu+ Q1) ]’
_ S11tS12

4eo[ — Q12+ r(Q1+Q1)]’

wherer =ajy/(2aj;+a7,), & are the energy-function coef-
ficients introduced in Ref. 3, and E(l) with these param-
eters is valid aS,,>Sy* . Since the in-plane stregsin the
aa phase equalso=[S,—(Qi1+Q12) P§/2]/(sll+slz),
similar relations can be derived fof* andK,, .

Well below the transition temperature, the sixth-order
terms in the free-energy expansion also become importan
Formally, the Curie—Weiss-type laM£gs.(1) and(2)] is not
valid anymore. In theaa phase,P§ now has a square root
dependence 08, so that both linear and square root terms
are involved in the explicit expression fars(S,,) given in
Ref. 8. In order to evaluate deviations from the Curie—
Weiss-type law at room temperature, we computed S,
for BT and PT films numerically.

Surprisingly, the dependenogss(S,,) was found to be
practically linear within the stability range of thea phase,
as shown in Fig. 1 for BT. The plogss(o), computed with
the aid of the above relation betweerandS,,, also deviates
from the linear one only slightlyFig. 2). Therefore, the ob-

3

Ks 4)

served variations of the film dielectric response with the mis-

fit strain and internal stress may follow the Curie—Weiss-
type law[Egs. (1) and (2)] closely even in the presence of
substantial spontaneous polarizatigWe recall that, at the

same time 33 is a nonlinear function of temperature.
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To investigate the applicability of Eq$l) and (2) fur-

er, we have performed similar calculations for polydomain
epitaxial thin films. Domain widths were assumed to be
much smaller than the film thickness, and the thermody-

namic theory of dense laminar domain structtftesas used
for numerical computations. For BT and PT films grown on
tensile substrates, the formation of the so-called
a,/a,/a,/a, domain structurt was found to be energeti-
cally favorable at the ferroelectric phase transitidriThe
calculations showed that at room temperature the dependen-
cies x33(Sy) andyss(o) are almost linear in polydomain BT
and PT films as wel(see Figs. 1 and)2which again dem-
onstrate the validity of Eqg1l) and(2). (It should be empha-
sized that the domain-wall contribution to the film permittiv-
ity equals zero in our case.

Consider now the parameters involved in the Curie—
Weiss-type law well below the transition temperature. The

critical misfit strainS},, at which the in-plane polarization
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FIG. 2. Theoretical relationships between the in-plane biaxial stremsd

the reciprocal dielectric susceptibilifiys; in single domain and polydomain

BaTiO; epitaxial thin films at 25 °C.
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TABLE 1. Pararr_leters_of the Curie—Weiss—lype_IaW _for_the strain and stres%_* ~ — 1500 MPa. |fPs:0' the critical stress in qu) may
effects on the dielectric response of ferroelectric thin films at 25 °C. be calculated as* =a, /(2Q,) = — (T— 6)K,, /C, whered
Film State St,10° Ks o*, MPa K,, GPa and C are the Curie—Weiss temperature and constant of a
BaTio,  aulas/aa, 05 a16 1o 290 bulk material. With §=297 K, C=1.18x 10°K (measured
aa phase 157 305 138 428 fo*r a bulk ceramll:'s_), a_nd the observe&,, we find that
paraelectric 1.80 368 322 657 o*~—10MPa, which is two orders of magnitude smaller
_ than the experimental estimate. In the presenc®pfthe
POTIO, al; :2/;:‘;4 :2 _057868 3('5227 _1551%6 4‘;816 dependencegsy(o) may be roughly evaluated for BST films
paraZIectric 18.2 508 3310 1086  humerically by taking the involved material parameters as
weighted averages of those known for pure Baflihd
SrTi0,.#1® The apparent critical stress*, which results
from the extrapolation of the part af;5(o) located between
600 and 1100 MPa, was found to be abeu200) MPa. This
value is in better agreement with the experimental one,
which in our view indicates the presence of spontaneous po-
larization in the films in questiof.
The existence of the in-plane polarization state in BST
s grown on Pt-coated Si substrates is further strongly
supported by the observed temperature dependence of the
permittivity. Indeed,e35(T) deviates from the Curie—Weiss
law at about 350 K;*34j.e., well above the Curie—Weiss
f\remperature of the bulk materig297 K). This agrees with
the behavior described by the thermodynamic th€awpich
redicts the ferroelectric phase transition at about 415 K in a

state(aa or a;/a,/a;/a,) loses its stability against the ap-
pearance oP, should be calculated from the equaljys
=0, which reduces to a quadratic equation®j. The criti-
cal stresso™ is the root of a similar quadratic equation. In
turn, Kg and K, should be regarded as fitting parameters,
which can be extracted from the dependence computed Ny
merically. For BT and PT films at room temperature, the
calculated numerical values &, ¢*, Kg, and K, are
listed in Table I. The values characterizing the prototypic
paraelectric state are given here for comparison. It can b
seen that the presence Bf may strongly influence the pa-
rameters of the Curie—Weiss-type law.

We proceed now to the analysis of the experimental dat

. . ) ingle crystalline BST film on Si.
of Shawet al. on the relationship between the in-plane stress Thus, our analysis removes an apparent contradiction be-
and the dielectric response in &, sTiO; (BST) thin ’

7 ; tween the observed linear variation of the reciprocal suscep-

as weI_I because the straining of a thln.ﬁllm ona t.hIC|$ sub—HIm dielectric response.
strate is a macroscopic phenomenon similar in epitaxial an
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We first extract the actual permittivity of BST films from 2Y. Yano, K. liima, Y. Daitoh, T. Terashima, Y. Bando, Y. Watanabe, H.

; : ; ; Kasatani, and H. Terauchi, J. Appl. Phy§, 7833(1994; T. Kawakubo,
the data presented in Ref. 7. The film dielectric constant S. Komatsu, K. Abe. K. Sano, N. Yanase, and N. Fukushima, Jpn. J. Appl.
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