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Structural characteristics of ferroelectric phase transformations
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Structural characteristics of phase transformations in epitaxial ferroelectric films are analyzed via a
Landau—Devonshire thermodynamic formalism. It is shown that the phase transformation
temperature, the lattice parameters, and the order of the phase transformation are a strong function
of the misfit strain and are considerably different compared to unconstrained, unstressed single
crystals of the same composition. Depending on the internal stress state, it is possible that the
structural aspects of the paraelectric—ferroelectric phase transformation may be completely
obscured in the presence of epitaxial strains. The thickness dependence of epitaxial stresses due to
relaxation by misfit dislocations during film deposition is incorporated into the model using an
“effective” substrate lattice parameter. There is a good quantitative agreement between the
theoretical analysis and experimental observations reported in the literature on the variations in the
lattice parameters and the phase transformation temperature with film thickness in epitaxigj BaTiO
films. © 2004 American Institute of Physic§DOI: 10.1063/1.1751630

I. INTRODUCTION the order parameter of the phase transformation and the in-

ternal stressésand may be unavoidable even for perfectly
Structural characteristics of phase transformations, thenatched film—substrate systems.

phase transformation temperature, and the overall nature of During recent years, there have been several experimen-

the phase transformation in thin film materials may differtal studies to understand the effect of internal stresses on

significantly from their bulk or single-crystal form due to the structural characteristics of the ferroelectric phase transfor-

presence of internal stresses. In compositionally homogeation in thin films. For example, it was shown that the

neous thin films internal stresses arise due to a variety dfittice parameters of001) BaTiO; (BT) films grown on

reasons, including the lattice mismatch between the film anéOODtSTtTr:Os (SbT) stubtsttrates dol n(;]t eXh'tb't arf1 abr“tPt change
substrate if the films are epitaxial, the difference in thermal ue 1o the cubic 1o tetragonal phase transiormation over a

. - . rather large temperature range, including the bulk phase
expansion coefficientésTEC9 of the film and the substrate, g€ P 8 g gt P
transformation temperatu?e. Raman scattering observa-

the self-strain of the phase transformation if the material is[ions in epitaxial barium strontium titanate films ¢801)
grown above the phase transformation temperature, and dgrg0 show that the ferroelectric phase transformation is
fects such as dislocations and vacancies. Experimental rgpifted to higher temperatures and the paraelectric phase has
sults in thin films of a wide variety of materials systems tetragonal symmetr$2° The increase in ferroelectric phase
(including superconducting, ferroelectric, magnetic, and fertransformation temperature was also observed for BT films
roelastic oxidepindicate that internal stresses strongly alterepitaxially grown on(001) MgO substrates and has been
not only structural behavior of phase transformations butttributed to the stresses induced by substrat&amilar re-
also the electrical, electromechanical, magnetic, and elastisults were obtained for epitaxial incipient ferroelecti091)
properties: The changes in phase transformation characterST films on(001) LaAlO; substrates? Theoretical results
istics in thin films have been discussed qualitatively to projndicate that it is even possible to stabilize a ferroelectric
vide an explanation to the observed experimental results fg?hase in ST epitaxial filmS: It is important to note that in

a particular material system. However, a unified approacl’?dd't'on to(or rather associated witlthese variations in the

that quantitativelydescribes the nature of phase transforma-StrUCtural characteristics, there is also a strong dependence of
tions in thin films is lacking. It is quite obvious that internal the electrical, electromechanical, and pyroelectric properties

. hould it hift of the oh ‘ ¢ i on the internal stresses as demonstrated both experimentally
stresses should result in a shift of the phase transformatiog , theoreticallg:13-2!

temperature, but what is not so obvious is the sometimes not  tnarefore. it is crucial to understand the nature of the
so subtle effect of the two-dimensional clamping of the subppase transformations in epitaxial ferroelectric thin films.
strate which is usually much thicker than the fim. The Fyrthermore, this effort may also lead to a better description
clamping effect is essentially due to the coupling betweernf ferroelectric superlattices for which there is an interest in
recent years due to potential technological applications. In

dAuthor to whom correspondence should be addressed. Electronic mai_F.his article, a rigorous: yet simple thermOdynami(? fqrma|i5m.
p.alpay@ims.uconn.edu is developed to describe the structural characteristics of epi-
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taxial ferroelectric thin films. As a specific example, thethat (001),//(001)sypsrate@t @ deposition temperatufig

cubic-to-tetragonal phase transformation in BT is analyzed>T.. The thickness of the substrate is taken to be much
but the developed approach is quite general and equally aghicker than the film such that all the internal stresses are
plicable to any structural phase transformation with approconcentrated in the film and the substrate is stress-free. If the

priate modifications. film thickness is comparable to substrate thickness, the inter-
nal stresses will distributed between the film and substrate
II. THEORY depending on their relative thickness and elastic moduli and

. , ) will result in the bending of the bimorph lay& We further
Consider a ferroelectric phase t@nsformatlon Wherpassume that the thickness of the film is smaller than the criti-
upon cooling the paraelectric cubRm3m (#221) phase gl thickness for misfit dislocations, although we will relax
transforms to a ferroelectric tetragonal P4n##99 phase. thjs restriction when the thickness dependence of epitaxial
This transformation is commonly observed in perovskite fer-stresses due to the formation of misfit dislocation during film
roelectrics such as BaTiand PbTiQ. The phase transfor- growth is considered in the next section. The stress state in
mation characteristics can be described via a Landauthe film due to in-plane lattice matching results in equal bi-

Devonshire potential: axial in-plane components;= o, with no shear stresses
F(P,T)=Fo+ a,P?+ ay P4+ ay,,Po— %Slj[af+a§+o§] (0'4=0'5=06=0),' and no out-.of-plane streseg{=0). The
free energy functional given in Eql) has to be modified
— S 0105+ 0105+ 0203]— $Sud o5+ oE+ 0F] since it rather describes the effect of external streésesk
done on the systemand not the effect of internal stresses
_ 2_ 2
Qu103P" =~ Q1P (a1 + a2), (@) (potential to do workwith proper mechanical boundary con-

whereF is the energy in the paraelectric statg, «aq,, and  ditions. This can be done via

a1, are the dielectric stiffness coefficients;; the external Bty o 5
stress, andg;; the elastic compliances at constant polariza- N 1017 X202, )

tion. The external stress is coupled with the polarizationwherex;=x,=x,=(as—ag)/ag is the in-plane misfit strain
through the electrostrictive coefficientQ;;. The tensor anday is the equivalent cubic cell constant of the free stand-
quantities in the above expression are given in the contractddg film. Using dF/do,=dF/do,= —X,, t0 express the
notation. The temperature dependencergfis given by the  stresses in terms of the misfit strain, the modified free energy
Curie—Weiss lawp,=(T—Tc)/2e,C, whereTc andC are  is obtained after some rearrangement as

the Curie—Weiss temperature and constant, respectively, and 2
go is the permittivity of free space. For a stress-free single  F(p T x )=F,+ a¥ P2+ a¥ P 4y PO+
crystal, Eq.(1) is reduced to St 812(6)
F(P,T)=Fg+ a;P?+ aP*+ aq,,PS, 2
( ) 0T ag a3l @111! 2 where
and the spontaneous polarizatiBg in the tetragonal phase 5
can be obtained by the condition for thermodynamic equilib- ak = al_xm&,
rium 9F/dP=0 such that SutSi2
_ [2 _a Q2
o —autyap—3mai o= gk S22 @
Po(T)= e : 3 u-utg g

Below T¢, the self-strains of the phase transformationare the renormalized Landau coefficients. _
that describe essentially the structural variations in the lat- The effect of the internal stresses and the mechanical

tice, or the lattice distortion, are given by boundary conditions manifests itself in two ways. First, there
is a change in the phase transformation temperature that var-
ngxg: =Q12P§, ies I|'nearly. W|£h _the misfit straix,,,. The shift inTc can be
Qo obtained viaw} =0 such that
c—a Q
0_ 0 _ 2 _T_ _ 12
X§=—5— = QuPG, (@) AT(tm) =T=Te=420C g5 Xm- ®

wherea and c are the lattice parameters in the tetragonalSecondly, the phase transformation characteristics are modi-
ferroelectric state and, is the lattice parameter of the cubic fied due to the two-dimensional clamping of the film by the
phase. substrate as described by, . If the phase transformation in
If @1,<0, the phase transformation from the parastate isinconstrained single-crystal is of first ordée., a1,;<0),
of first-order (i.e., discontinuity inPy, a, andc at T and  the phase transformation in an epitaxial film may be of sec-
thermal hysteresis in the same parameters ardighcand it ond order depending on the magnitudeQs/(Sy;+ S;o). It
is second-order ifx1,>0 (i.e., gradual variation irP,, a, should be noted that}, is nota function of the misfit strain
andc below T with no thermal hysteresis Xm- Therefore, the nature of the phase transformation will be
Suppose that the same ferroelectric is deposited epitaxaltered regardless of the misfit between the film and the sub-
ally under short circuit electrical boundary conditions, i.e.,strate depending on the magnitude of the rauézl(sn
with top and bottom electrodes, on a cubic substrate suchS;,).
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TABLE I. The thermodynamic, elastic, and electrostrictive properties of BT j ABMLEMREAR BLELALI BRI B LA LR B
(Refs. 23, 24 Tc, Curie temperatureC, Curie constantg;;, stiffness

0.35 ]
coefficients;S; , elastic compliancesQ;; , electrostrictive coefficients. o ] ]
£ ] ]
Te (°0) 130 g %% ;
C(10°°C) 1.7 c ] ]
a15(10° m®/C2F) 3.6(T—175) h-] 0.25 - ]
a1(10° m%/C?F) 4.9 g ] Bulk 1.5 ]
12 2 = 1 1
S14(10° 2 mZ/N) 8.3 § 020 \
S1(107 12 m?/N) -1.57 -] 1 1.0

Q,; (MYC?) 0.11 % ] ]
4/C2 — 0.15 1
Qq (MYIC?) 0.043 g ] 0 'O-N

3

2

(7]

0.10
0.1
The minimization of the modified free energy with re- 0.06 -01 %5 \
spect to the polarization of the filmyE/dP=0) vyields the 025 \
spontaneous polarization as a function of the misfit strain, 0.00

R B R e a i o oo RN S
which is essentially given by Eq3) with the renormalized 50 100 150 200 250 300 350 400

coefficients of Eqs(7), Temperature (°C)

% [ %2 __ *
apt ey —3ajay o) FIG. 1. The spontaneous polarization in BT calculated as a function of

temperature for bulk and epitaxial films with different misfits. The misfit
) strain is given in percent.
Structural aspects of the phase transformation also

change due to the presence of internal stresses. The variation

of the lattice parameters as a function of temperature in thenisfit strain. In accordance with E), it can be seen that
tetragonal ferroelectric state can no longer be described by increases with increasing compressive misfit, stabilizing
Egs.(4) due to the elastic strains to match the lattice paramtne ferroelectric phase at higher temperatures whereas tensile
eters of the film to the substrate as well as the clampingnisfit decreases the transformation temperature. Figure 1
effect of the substrate. The out-of-plane component of theyso shows that the spontaneous polarization is significantly
strainxz in the parastate is related to the misfit strain by  enhanced in films under in-plane compression while in-plane
25, tension tends to loweP,. It is important to point out that
- —Xm- (10)  the phase transformation in epitaxial BT films is of second-
Su order sincea;>0. This is very obvious for the case when
11~ Y-
It is clear that the film in its paraelectric phase assumes &,=0 for which there is no change in the transformation
tetragonal lattice due to elastic in-plane strains but should naemperature as compared to bulk BT, but the phase transfor-
exhibit ferroelectricity as the biaxial in-plane stress state camation is of second-order and the spontaneous polarization is
never give rise to noncentrosymmetric displacemeofs reduced by~10% at room temperature.
e.g., of the T* and O ? ions in BT) within the paraelectric In Figs. 4a) and 2b), the lattice parameters of BT are
lattice. BelowT, the self-strain of the phase transformationplotted both for bulk BT and for BT epitaxial films with
should be taken into account in the calculation the out-ofcompressive misfitfFig. 2(a)] and with tensile misfit§Fig.
plane lattice parameter. In the limit of linear elasticity, the 2(b)]. It should be kept in mind that the film cannot contract

PE(T Xm) = o

X3:

out-of-plane lattice parameter can be calculated via or expand freely in the film—substrate plane. Again, the
c—a clamping effect of the substrate is rather signifidaste Fig.
a . =Q11P3(Xm) + X3, (1)  2(a) for x,=0], resulting in a second-order transformation
0

and a decread@ncreasgin the out-of-plandin-plang lattice
and the in-plane lattice parameter of the film is equal to theparameter. Figure(d) also shows that the structural charac-
lattice parameter of the substrate for pseudomorphic films. teristics of the phase transformation may completely be ob-
scured in the presence of compressive strains. The “jump”in
the lattice parameters disappears for large enough compres-
sive stresses which should not mean that the ferroelectric
As a prototypical example, consider the phase transfortransformation has vanished, or conversely, that the ferro-
mation characteristics of BT for which there exists a greatlectric phase isnducedin the parastate due to internal
deal of information on the thermodynamic parameters andtresses. This merely is an indication that the epitaxial
physical propertiegsee Table |, Refs. 23, 24The transfor-  stresses in this case are larger than the self-strain of the phase
mation from the cubic paraelectric state to the tetragonairansformation and the onset of ferroelectricity can be deter-
ferroelectric state is of first-order witic=130°C. The the- mined using Eq(8). Thus, although the film has tetragonal
oretical spontaneous polarization and the lattice parametesymmetry both above and beloli(X,,), it is paraelectric if
of single-crystal BT are plotted as a function of temperaturel >T(X,,) and ferroelectric ifT<Tc(X,,). An important
in Figs. 1 and 2(bold lineg. In Fig. 1, we also plot the conclusion that follows these results is that just the measure-
variation in the spontaneous polarization as a function ofment of the lattice parameters at a given temperature in epi-

IIl. RESULTS AND DISCUSSION
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FIG. 3. The comparison between theoretically calculated lattice parameters
of epitaxial (001) BT on (001) ST substrate as a function of film thickness
(solid lineg with the reported experimental datapen squares and circles
b. represent the out-of-plane and in-plane lattice constants, respectively, as
reported by Terauchet al, See(Ref. 8.
£ xu(Te) (. h,
£ p= T (12
@ aO(TG) h
(1] . . . . .
‘g If no additional dislocations form during cooling, then an
& “effective” substrate lattice parameteag can be defined
£ ag®?’
: (T)
as
5 Fom ) 13
S pag(T)+1 (13
] which can then be used to calculate the misfit strain instead
0.398 . — of the actual lattice parameter. The basic limitation to the
50 100 150 200 250 thermodynamic modeling of the effect of misfit dislocations
Temperature (°C) is that the real critical thickness for dislocation formation and

the linear equilibrium dislocation density may differ from the
FIG. 2 The lattice parameters of BT ca!culgteq theorgtica_lly calculated as actual observed values because of kinetic fad®However
function of temperature for bulk and epitaxial films with differéat com- ) A . ’
pressive andb) tensile misfits. The misfit strain is given in percent. for films grown close to equilibrium conditions, the
Matthews—Blakeslee model generally provides a good esti-
mate of the magnitude of the relaxation and the misfit dislo-
cation density/spacin¢see, e.g., Refs. 18 and )26
taxial ferroelectric films alone cannot prota disprove the Terauchiet al® have measured the variations in the lat-
existence of ferroelectricity. To determine the phase transfortice parameters 0021 BT films as a function of film thick-
mation temperature and/or to establish the presence of ferrmess on001) ST substrates grown diz= 600 °C deposited
electricity, the hysteresis loop or the dielectric responsdy activated reactive evaporation. Taking into account the
should be measured as a function of temperature. For tensithickness dependent relaxation of the epitaxial strains at the
strains, similar behavior is predicted with the in-plane latticefilm growth stage due to the formation of misfit dislocations,
parameter being larger than the out-of-plane lattice paramin Fig. 3 we plot the theoretical lattice parameters of BT as a
eter[see Fig. 2b)]. function of film thickness together with the experimental re-
In epitaxial films, the magnitude of the internal stress issults of Terauchgt al® The critical film thickness for misfit
a function of the film thicknesk. This is due to the thickness dislocation generation is calculated to & nm atTg. As
dependent relaxation of lattice mismatch-induced stresses lgan be seen, theoretical results are in good agreement with
the formation of misfit dislocations during film growtAThe  the experimental measurements considering that there are no
generation of misfit dislocations can be incorporated into thedjustable parameters in the theoretical analysis that uses the
model using the thermodynamic analysis of Matthews andatthews—Blakeslee critical thickness for dislocation forma-
Blakesleé® and an “effective” substrate lattice parametér. tion.
Matthews and Blakeslee predict a critical film thicknéss Furthermore, the stress relaxation due to the formation
corresponding to the onset of misfit dislocations. At theof the misfit dislocations can significantly alter the
deposition temperaturgg, the equilibrium linear misfit dis- ferroelectric—paraelectric phase transformation temperature
location densityp is given as [see Eq(8) with x,,(p) due to Egs(12) and(13)]. Figure 4
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600 T found that the BT films had a tetragonal structure up to
] ] 600 °C. It was speculated that thermal strains were respon-
- sible for the disappearance of the phase transformation. As
shown in this report, the reason for this is the fact that struc-
tural component of the phase transformation due to the non-
centrosymmetric displacements of the ions in the BT lattice
is overwhelmed by the epitaxial stresses. The absence/
presence of ferroelectricity can only be confirmed by electri-

. cal measurements. In another experimental study, 600 nm
7 thick (002) BT was grown on(001) ST using pulsed laser
depositiodl at 700 °C. After annealing treatment at 450 °C,

Curie Temperature (°C)
(9]
(=]
(=]

pre
(=
o

PR PR
!

. the sample was cooled to room temperature. XRD experi-
——————— ments were carried out up to 800 °C and results point out to

0 100 200 300 400 500 the presence of a/a/c/a polydomain structuré with de-
Film Thickness (nm) creasing volume fraction as the temperature is increased.

_ _ ) Upon cooling, BT peak splitting is not observed prompting
FIG. 4. The comparison between theoretically calculated Curie temperaturf\h th to dub th bic-to-tet | bh ¢ f
of epitaxial (001) BT on (001) ST substrate as a function of film thickness e authors 1o au € cubic-lo-teragonal phase transiorma-

(solid lineg with experimental data from Onoderd al. (Ref. 29 (open tion in BT to be “irreversible.” However, the absence of two

squaresand lijimaet al. (Ref. 30 (solid squarg distinct BT peaks upon cooling is not a conclusive evidence
for the presence of ferroelectricity. What really may be irre-
versible is the polydomain formation in BT under the spe-

shows the theoretically calculated Curie temperature vs filnfific conditions the experiments were carried out.
thickness for epitaxiai001) BT films on the(001) ST sub- The formation of polydomaiftwin) structures is another

strate(solid ling). An increase in the film thickness leads to SIréSS_ relaxation mechanism in epitaxial ferroelectric

reduction of the compressive stresses in BT films on ST su iims ?%27%1=%*This mechanism is activated due to the self-

strates by the formation of misfit dislocations and thus deStrain of the ferroelectric phase transformation and the pres-
creases the Curie temperature towards the bulk value. The§NC€ of an invariant plane between the orientational variants
retical analysis shows that the BT film is fully relaxed at the©f the lower-symmetry ferroelectric phase. Polydomain for-
film thickness of~330 nm. which is consistent with the Mation is only possible if the internal stresses are teffsife

variation of the lattice parameters with the film thickness and the structural characteristics of the polydomain _film
shown in Fig. 3. The small decreaseTig for films thicker should be similaridentical if there is complete relaxatith

than 330 nm is due to the interplay between the misfit relax!C the bulk material It has been shown that if the internal
ation by interfacial dislocations afg and the thermal stresses are compressive or the film thickness is below a

stresses that arise due to fisenal) difference in the TECs of ~ cfitical 2;2;%5[‘36335 single-domain  structures  are

the film (~12x10°°°C1) and the substrate (11 favorable®™ =" The effect of polydomain structures and

x10"6°C~1) as the film is cooled fronT¢ to room tem- the formation of unusual phases associated with the rotation
of the polarization vector due to internal stredses the

erature.
P A comparison of the theoretical prediction with available phase transformation characteristics will be discussed in a
future publication.

experimental data from the literature is also provided in Fig. ) , ) . .
4. Onoderzt al?® have determined the Curie temperature of ~ 1he thermodynamic formalism presented in this article
epitaxial BT films by specific heat measurements as a fund$ €qually applicable to any structural or ferroic phase trans-

tion of temperature. BT films with film thickness 6 nm and formation. This follows from a generalized Landau free en-
200 nm were deposited on ST substrates using a reacti9y function. Consider the expansion of the free energy of a
evaporation method. The Curie temperatures of these tWgructural or.ferr0|c phasg transformation of a homogeneous
samples were 417 °C and 170 °C, respectively, which agregindle-domain system with three order parametgrsuch
with the theoretical result@pen squares in Fig.)4A good that it is a harmonlg function of_the_ order %arametézmd
correlation was also found with another experimentalthus does not contain odd powgrs given by

study?® where a maximum in the dielectric response as a

function of temperature was measured at 115 °C for 400 nm FO)= et Bijia 7 mem = S 7k

thick (001) BT films epitaxially grown on Pt-coate@01) ST + %Qijmxij M+ %Cijklxijxkl , (14)
substrates by activated reactive evaporafgulid square in
Fig. 4). where a;; and gj;,, are the free energy expansion coeffi-

Using the theoretical model developed in this study, wecients,d;j, andq;j are the bilinear and linear-quadratic cou-
would like to discuss two more observations. The “absence’pling coefficients between the order parameter and the strain
of a phase transformatibrhnas been observed in many ex- Xij, and Cjj, are the elastic coefficients. The equilibrium
perimental studies based on x-ray diffractiofXRD) order parameters can be determined by the equations of state,
results>® First, Kim et al® investigatedn situ the structural  9F/d7;=0. Proper ferroelectric, ferromagnetic, and fer-
characteristics of 290 nif©01) BT films deposited ori001) roelastic phase transformations can be described via the
MgO by rf-sputtering as a function of temperature. It wasabove relation with the polarizatioR;, magnetizatiorM, ,
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