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Optimization of the tunability of barium strontium titanate films
via epitaxial stresses
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The tunability of epitaxial barium strontium titanate films is analyzed theoretically using a
phenomenological model. The relative dielectric constant ¢fsBg sTiO5 (BST 50/50 films as a
function of the applied external electric field is calculated and an electric field—misfit strain phase
diagram is developed to assist in the interpretation of the behavior. On the basis of these results, the
tunability of BST 50/50 films as a function of the misfit strain is provided and compared with the
experimental data in the literature. Analysis shows that a high tunability can be achieved by
adjusting the misfit strain especially in the vicinity of a structural phase transformation. The misfit
strain in epitaxial films can be controlled with the selection of a substrate material or variations in
the film thickness. The film thickness dependence is due to misfit dislocation formation at the film
growth temperature. A critical thickness to attain the maximum tunability can be defined for BST
50/50 films on MgO(~90 nm and LaAlQ; (~120 nm) substrates. It is suggested that the selection

of the substrate and/or the film thickness can be chosen as design parameters to manipulate the strain
state in the film to achieve optimum tunability. @003 American Institute of Physics.
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I. INTRODUCTION results also indicate that the tunability of BST films displays
o ) ) ) ) a strong dependence on the lattice misfit, or the misfit
Thin films of barium strontium titanate (B8n,TiOs,  gtrain31112For example, it was shown that annealing treat-
(BST) have long been recognized as the potential candidat%1ents to reduce residual stresses iny B cTiOs films
for applications such as storage capacitor dielectrics for thg, |4 improve the tunability from 36% to 52% for a 57
next generation dynamic random access memories as wWell 8¢/cm field on “compressive” LaAIQ substrateli.e., sub-
variable elements in the tunable microwave devités. e with lattice parameters smaller than the film such that
These applications rely on the properties of BST films, such,,nressive stresses are induced in the plane of the film—
as a high dielectric permittivity, reasonably low dielectric q,pctrate interface in pseudomorphic fijlnmait reduce the
loss, and high tunability. The tunability.e., the degree of tunability from 47% to 38% on “tensile” MgO substratdA
variation in the dielectric constant as a function of the ap-oarkable increase of the tunability from 20% to 32% for a
plied electric field is one of key design parameters of tun- 40 kvicm field was reported for BaeSr, ¢TiO; films on
aple microwave d.evices.,. IdeaII_y, a Ia_rge tunability accompaLaA|03 substrates after an annealihg treatniént.
nied by a small dielectric loss is desired. , , The dependence of the structural, electrical, and electro-
There .has.bet_an a great Qeal of rgsegrch n th_e field 4 echanical properties on the misfit strain in epitaxial ferro-
ferroelectng thin films, the primary opject|ve of which .has electric films has been established theoretically via phenom-
been to reliably reproduce the properties of bulk ceramics of oo qical  modeld®91314 However, the tunability, a
single crystals in-thin f|Im_ form for Qewce applications. parameter of both theoretical and practical importance in
However, compared to their bulk or single crystal counter- ST films, has not received a thorough treatment in theoret-
parts, generally inferior electrical and electromechanical cal work.'ln a very recent publication, we have developed
properties are observed in ferroelectric thin films. The reason . i strain—temperature phase diagr,ams of epitaxial BST

];ct)rrutcrlljr al1ls igﬁgi\]/gdeaoeiggsdléif:ecz:tgor:r?gsimgp:; asr;:jgggo'films” taking into account the possibility of the formation of
g ; : "_"unusual” phases that cannot form in bulk BST ceramics or

Recent experimental studies show that internal stressesi : :
) : . . ~single crystals by using a Landau—DevonshifeD
have a great impact on the dielectric behavior of BST thin 9 Y y 9 (eD)

films 28~ Significant variations in the dielectric constant

close to an order of magnitude have been observed in epigao Siy.4TiOs and Ba (St 4TiO5 films on (001) Si, MgO
.7°10.3 3 .6°10.4 3 ' ’

taxial BST thin films for \.Nh'Ch the 'T“em.a' stress levels were LaAlO3, and SrTiQ substrates as a function of misfit strain
systematically altered either by using different substrate ma:

. o . . 9 . and film thickness was provided. An order-of-magnitude in-
terials or by adjusting the film thicknes$:* Experimental crease in the dielectric constant for films on LaAl@nd

SrTiO; substrates with increasing film thickness was pre-
dAuthor to whom correspondence should be addressed; electronic mai_g'Cted- Due to the mterpla){ _between the relaxation of epitax-
p.alpay@ims.uconn.edu ial stresses at the deposition temperature and the thermal

phenomenology?
Theoretical estimation of the dielectric constan{@®1)
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stresses between the film and the substrate that develop #sthe literature in Sec. Ill. The tunability as a function of
the film is cooled down from the growth temperature, forfilm thickness is also presented for various substrates by tak-
films on MgO substrates the dielectric response is expecteithg into consideration the possibility of relaxation of epitax-
to increase as the film thickness decrease, attaining a maxal stresses through the formation of misfit dislocations at the
mum at around 40 nm. film growth stage.

In this article, we employ a similar treatment to analyze
the tunability of epitaxial BST films taking into account the
dependence of the dielectric response on the applied electrit pHENOMENOLOGICAL MODEL
field. Our goal is to provide a quantitative estimation for the
dependence of the tunability on epitaxy-induced internal ~We consider a single-domai@01) BST film epitaxially
stresses. In Sec. Il, the thermodynamic model is provided. Igrown in the cubic paraelectric state on a thiGkl) cubic
Sec. Il we calculate the dependence of the dielectric resubstrate. The thermodynamic potentilof a pseudocubic
sponse on the applied electric field of B8, sTiO; (BST  BST film as a function of polarizatio;, applied fieldE;,
50/50 films on various(001) cubic substrates as a function and misfit strairu,,= (as—ag)/as, whereay is the substrate
of the misfit strain. The tunability of BST 50/50 films is lattice parameter anal, is the cubic cell constant of the free
evaluated and compared with the experimental data reportestanding film, is given by

G=a} (P{+Pj)+ajP5+aly(Pi+P)) +ajPi+aly PIP5+ PoP%) +a,PiP5+ay y(PI+ Po+PY)
2

+ay14 PI(P5+ P%) + P3(Pi+ P) + P3(PI+ P31 +aPiPoP5+ —(E1P1+E,P+E5Ps). (6h)

511"' Si2

The vector and tensor quantities are defined in a Cartesianherea, is the dielectric stiffnessa;; and a;;, are higher
coordinate system as shown in Fig. 1 such that for examplegrder stiffness coefficients at constant str€¥s,are the elec-
P,//[100], P,//[010], and P3//[001]. The renormalized trostrictive coefficients, ang; the elastic compliances of the
coefficients of the free energy expansion are film. The temperature dependence of the dielectric stiffness
01+ Q 20 a, is given by the Curie—Weiss lava;=(T—Tg)/2¢,C,
u,— =t at=a,— i whereT, and C are the Curie—Weiss temperature and con-
Sut Sz Sut S stant of a bulk ferroelectric, respectively, aagl is the per-
mittivity of free space. The parameters used for the calcula-
2 —[(Q%,+Q%)S11—2Q11Q1,5:], tion of the renormalized coefficients for BST films are
S —Sh obtained by averaging the corresponding parameters of
) BaTiO; (BT) and SrTiQ as given in Table 13118 The
Q1 @) contribution of sixth-order polarization terms to the free en-
S;+S, ergy is neglected®
The temperature—misfit strain phase diagram for epitax-
ial BST 50/50 films is shown in Fig. 2. The details of the
construction of the phase diagram, which is essentially based
on the possibility of rotation of the polarization vector with

aj=a;—

ay= 311‘*'
* _

azgz=ant

———[(Q11+ Q1) S1,-2Q11Q1,S14]

aj,=a
12— 9127
S SZ

Q44
2844

TABLE |. The parameters for the calculation of the renormalized coeffi-
Qo Qpqt le) cien_ts for BST 50/50 films. Data compliec_i from Refs._l_?; and 15—13:_:(
ajs=ai, BT — Curie temperatureC: Curie constanty;; : stiffness coefficientsS; : elastic
1177 212 compliancesQ; : electrostrictive coefficienys

Parameters BST 50/50

Curie temperatur@ . (°C) —23
[001] Curie constant C (T0°C) 1.15

Film a;; (10°m°/C2 F) 1.87T+74Q(T in°C)

ap, (1°m°/C2 F) 8.75
o S;1 (107 Pm?/N) 4.33
Substrate [010] S, (107 2m2/N) ~1.39

Sy (107 2m?/N) 5.01
[100] Qyy (MH/C?) 0.1

Qq, (M*/C?) —0.034
FIG. 1. Definition of the crystallographic directions with respect to the film Qa4 (M*C?) 0.029
and the substrate.
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FIG. 2. Phase diagrams of single-domain epita@l1) BST 50/50 thin FIG. 3. The electric fieldE;—misfit strain phase diagram of BST 50/50 at

films on a(00)) cubic substrate. Polarization components are indicated for
the ferroelectric phases.

Egs. (3)-(5). We define the tunabilitgp as the variation in

varying misfit strain, can be found elsewhété® The six  the dielectric response with applied field with respect to the
possible phases identified by Pertstal 12 are the paraelec- small-signal dielectric constant’as

tric phase, thec phase P,=P,=0, P3#0), thea phase 1—e44Eq)/eq4Es=0) for E//[001]

(P1#0, P,=P3=0), the ac phase P,#0,P,=0,P3#0), = .

the aa phase P,=P,#0,P;=0) and ther phase P,;=P, 1-en(Ey)/en(E,=0) for E//[100]
#0,P3#0).2° Examination of Fig. 2 reveals that only tlee
phase, the paraelectric phase, andaa@hase are the stable IIl. RESULTS AND DISCUSSION
phases for epitaxial BST 50/50 films at room temperaturen. The dielectric response: effect of field
[(RT)=25°C].

The polarization components as a function of the appliec{h In olr_dzr tlo Sttl.Jd3fI. trde ;jhielei:trti(_:l_tresgct)r:]se ss a func(’;iontr?f
field can be obtained viaG/JP;=0 such that € applied electric Tield, the stability of the phases under the

~ electric field has to be considered. To accomplish this, we
G e w2 4 . o3 calculate the minima do& [Eq. (1)] under an electric fielé&;
P, =2(ay tajPstapPy)Pit4a;,Pi—E1=0, (3)  npomal to the film—substrate interface for all possible phases
- in an epitaxial BST 50/50 film. The resulting electric field—
G misfit strain phase diagram at RT is shown in Fig. 3. The
_ * * p2 * p2 * p3__ _
a_pz_z(al +ayPstapPy)Pat+4aP—E,=0, (4) stable phases in the range examined are th@hase,
~ paralelectricphase, and thaa phase. At zero bias, the misfit
JG strain range at which each phase is stable agrees with that
I * * 2 2 *p3_pE
dP5 283 +ar(P1+P7)IPsT4a55P5~Bs=0, (5 piained from the temperature-misfit strain phase diagram
The electric field dependent relative dielectric constantsIE.F'g' 2).' (?Iose examination .Of Fig. 3 revealg, that the electric
along[001] and[100] directions can be determined by |eld_\_N|th|n the range conS|dered_ ha_s a minor effect_on_ .
stability of the phases. The application of the electric field
e34Es3) 2G\ 7t does not affect the stability of thephase angbaralelectric

phase. It should be noted that the misfit-driven transition
from c phase to paraelectric phase is blurred in the presence
1 of a nonzero electric fiel&E;. However, the transition can be
= P — — (6) defined by the polarization versus electric field hysteresis
280l a3 +ayy(P1+ P3) +6a33P3] characteristics of the phas&sFor E;#0, the epitaxial film
should exhibit a well-defined hysteresis loop when the misfit
- 1 strainu,< — 0.1 while the hysteresis loop should not persist
9*G whenu,,>0.1.
0&_P§> However, the stability of thea phase characterized by
the in-plane polarization®,=P, shows, to some extent, a
1 sensitivity to the external electric fiel;. The progressive
(7 increase of the polarizatioR; induced byEs is concurrent
with the decrease of the in-plane polarizations due to the
respectively. The small-signal dielectric response a[@@j] coupling effect betweerP; and the in-plane polarizations.
and [100] directions are also determined by Ed8)—(7)  When the misfit strain is slightly higher than 0.1%, the
with the polarizations given by setting; equal to zero in phase has weak in-plane polarization components. As a re-

€0

and

e11(Eq)

€0

€

2eq[af +alP3+ (af,+6ai)P7]’
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FIG. 4. The variation of in-plane polarizatidh, (a) and the relative dielec-
tric constantsess/eq (b) as a function of the electric fiel&; for the aa FIG. 5. The variation of the polarizatioR; (a) and the relative dielectric
phase at the misfit straim,,=0.11%. constantssz/€q (b) as a function of the electric fiell; for the c phase at
the misfit strainu,,= —0.2%.

sult, the induced polarizatioR; may lead to the disappear-

ance of the in-plane polarization at some critical electrictransition to the c phase. Similar behavior in BaTiXrys-
field, thereby initiating a transition from thea phase to the tals has been reported where it was shown experimentally
paraelectricphase. The instability of in-plane polarizations that phase transformations from rhombohedral to orthorhom-
of the aa phase is presented in Fig(a} which plots the bic and to tetragonal phases could be induced by applying a
variation of the in-plane polarizatioR,(= P,) as a function significantly large field? Theoretical treatment of the phase
of E5 at a misfit strainu,,=0.11%. Figure &) shows that transformations induced by an applied electric field in a
the in-plane polarizatio®; (=P,) drops to zero in a con- stress-free ferroelectric BaTiOsystem using the LD phe-
tinuous fashion with the increase of the applied field displaynomenology model was also perfornfed.

ing a transition from thea phase tgparaelectricphase at a Using Egs.(3)—(7), we plot the relative dielectric con-
field ~150 kV/cm. The instability of the in-plane polariza- stantsesss/ey of BST 50/50 as a function dE5 for films in

tion in the presence of the electric field is also expected fothe aa phase stability regiofu,,=0.11%, Fig. 4b)] and for

the transition from the phase to the phase induced by the films in thec phase stability regiofu,,= —0.2%, Fig. 8b)].
electric field (not shown in Fig. 3 Ther phase P,=P,  The relative dielectric constant versus the electric field be-
#0,P3#0) is stable below-25 °C within a particular misfit havior of thec phase exhibits remarkable differences with
strain range(see Fig. 2 When an electric field is applied that of theaa phase. For the phase, the dependence of
along[001] which is parallel withP5, the in-plane polariza- &33/eo on E3 is characterized by two peaks positioned sym-
tions will decrease. In other words, a rotation of the polar-metrically with respect to zero field as shown in Figb)s
ization vector toward th¢001] direction inr phase is ex- The hysteresis in the dielectric constant as a function of ap-
pected with an increase in the electric field. At sufficiently plied field in forward and reverse electric field sweeps has
large electric fields, the diminishing in-plane polarizationsbeen widely observed experimentally in ,B& ,TiO3 (X

P, andP, of ther phase eventually lead to a transitiomth ~ =0.4—0.7) thin films under various conditiotfs>*~26The
same characteristics as tliephase toparaelectric phase hysteretic behavior in the dielectric constant as a function of
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the applied field is associated with polarization switching. ' ' T '
The theoreticalP;—E3 hysteresis loop shown in Fig.(&®
plotted using Eq(5) displays typical ferroelectric character-
istics. A coercive field around 20 kV/cm for trephase at
the misfit strainu,,=—0.2% is predicted in our model. It
should be noted that the coercive fields calculated via phe-
nomenological approaches are usually 1 or 2 orders of mag-
nitude larger than the typically observed values. This is be-
cause of the fact that switching in thermodynamic treatments
is due to instability of the polarization with respect to an
applied field in the reverse direction rather than the nucle-
ation and growth of 180° domair.

paraelectric
aa-phase

Tunability [%]

T T d T T T T
-04 0.2 0.0 0.2 0.4

The relative dielectric constamt;;/ey as a function of
E; for theaa phase ati,,=0.11% is shown in Fig. @). The Misfit Strain, um(%)
dielectric constant dependence on the electric field for the (a)

paraelectric phase is not included because it behaves in a
fashion similar to thea phase. Since there is no spontaneous
polarization along th¢001] direction for theaa phase, the 100

relationship betweenss/e, andE; with no hysteresis char- I |

acteristics is expected. This expectation is justified in Fig. — 80de | para- ! 3
4(b), which features a single peak at zero bias. With the XX |phase electrid aa-phase
increase of magnitude of the electric field, the relative dielec- E:’ : \

tric constant decrease from its maximum value. It is interest- & 601 ) :

ing to note that the phase transformation from #aephase :g e !

to paraelectricphase induced by the applied electric fi&lgl g 40+ = s !

has no influence on the behavior of the dielectric constant = I

dependence on the electric field. A continuous transition of 204 /i :

the dielectric constant is predicted when the phase transfor- | :

mation from theaa phase tgparaelectricphase occurs. 0 ! 5

-0.2 0:0 0:2 0:4 ' 0.6 ' 0.8
Misfit Strain, u_(%)
B. Tunability )

The RT. tunab”.lty o.f BST 50/50 thin film aflong.)Ol] FIG. 6. The variation of the tunability alon@01] (a) and[100] (b) as a
and [100] with applled fields along the same directions ar€tynction of the misfit strain in BST 50/50 epitaxial thin films at RT. The

calculated by using the definition of the tunabiliizq. (8)] open and solid squares (8) are experimental data from Ref. 3 and the solid
and the dielectric response as a function of the applied fieldquares in(b) are experimental data from Ref. 9 defining the tunability as
[Egs.(6) and(7)]. The maximum applied field is taken as 67 [£3(0)~ess (67 KVicmJeg(0) and[e14(0)—£14(40 KVicmVe14(0) for

. (a) and(b), respectively.
and 40 kV/cm forE//[001] andE//[100], respectively and the
results are presented in Figgapand Gb) for the two cases.
Superimposed on these curves are the stability regions of the
phases in accordance with the temperature—misfit stFadn Figures 6a) and 6b) show that the tunability is strongly
2) and electric field—misfit straifFig. 3) phase diagrams. It dependent on the misfit strain. They indicate that theoreti-
is worth mentioning that the definition of the tunability in cally maximum tunability can be attained at critical misfit
this article in essence reflects the variation of the dielectristrains corresponding to structural phase transformations and
permittivity with the maximum external electric field and is with either decrease or increase in the misfit strain a degra-
the most convenient measure adopted experimentally. A nedation of the tunability is expected. Interestingly, the stress-
definition of tunability, i.e.® = (dej; / IE;) max, Was recently  free condition does not result in maximum tunability. The
suggested. This definition corresponds to the maximum critical misfit strain at which maximum tunability is achiev-
slope of the dielectric constant versus the applied field and iable depends upon the direction of the applied electric field.
electric field independent. It is best suited to the case wherQuantitatively, a maximum in the tunability is reached for
there is no hysteresi®.g., Fig. 4b)]. Tunability defined in u,=—-0.1% and foru,,=0.1% for an applied field along
this way, however, always goes to infinity for a ferroelectric[001] and [100], respectively. Referring back to the phase
phase displaying hysteresjg.g., Fig. %b)]. Therefore, it diagrams in Figs. 2 and 3, these critical misfit strains corre-
cannot capture the full characteristics of the phases predictespond to the transformation from thparaelectric phase to
in our model. Furthermore, experimental data usually arehec phase for an applied field alofi§01] and the transfor-
presented in accordance with E8). Adopting Eq.(8) as to  mation fromparaelectricphase to theaa phase for an ap-
describe tunability enables us to compare our calculationplied field along[100]. The tunability as well as the dielec-
with the available experimental data. tric constant display similar behavior as a function of the
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misfit straift* indicating that both properties can be opti- - - - - T 1
mized via epitaxy-induced internal stresses.

The theoretical prediction of the tunability for BST
50/50 film may be compared with the limited experimental
results published in the literature, as illustrated in Fig. 6. The
two experimental points in Fig.(8 are for epitaxial BST
50/50 films with thickness-500 nm grown at 750 °C in an
oxygen ambient pressure of 350 mTorr on LaAlGolid
squareé and MgO substratepen squaneby pulsed laser
deposition(PLD).2 Experimental data in Fig.(B) were ob- ]
tfauned by ngt al® yvho mves_tlgated the effect of Iatt|ce_ mis- 0 0 0 100 150 00 250 300
fit on the dielectric properties as well as the tunability of Film thickn
(001) 14-500 nm thick BST 50/50 films grown on MgO ilm thickness (nm)
substrates by PLD with the substrate temperature held at
800 °C during deposition and a dynamic pressure of 120
mTorr O, established in the chamber. As the film thickness
increases, internal stresses due to epitaxy are replaced by
formation of misfit dislocations during the growth stage, re-
sulting in a systematic variation of the misfit strain measured
by x-ray diffraction methods. Several points enter the com-
pressive strain region owing to the difference in the thermal
expansion coefficients of the film and the substrate as the
film is cooled down. It can be seen from Fig. 6 that the
theoretical calculations of the effect of lattice misfit on the . . . ‘ .
tunability are in good agreement with the experimental 0 50 100 150 200 250 300
results. Film thickness (nm)

m

Tunability, [%]
Misfit strain, u_ (%)

100

80

60

40

Tunability, [%]
Misfit strain, #_ (%)

20

C. Effect of film thickness 100

Obviously, the misfit strain in the heteroepitaxial films
can be modified by the selection of a substrate material. Fur-
thermore, systematic variations in the internal stress level of
heteroepitaxial films can be achieved by altering the film
thickness. The epitaxial stresses can be relaxed to a certain
extent by the formation of misfit dislocations at the deposi-
tion temperatureT; depending on the thickness of the
deposit?® =31 The degree of the relaxation is characterized by ]
an effective misfit strainum(TG)=u21 at T that depends on 0 sy . , ; —
the ratio of the critical thickness for misfit dislocation forma- 0 S0 100 150 200 250 300
tion h, and the film thicknesé via Film thickness (nm)

80+

m

60

40

Tunability, [%]
Misfit strain, #_ (%)

20

0 p -1 FIG. 7. The dependence of tunability alof@01] (solid lineg and misfit
Un= Pao(TG) 1- F ) (9) strain(dashed lingson film thickness for BST 50/50 epitaxial thin films on
various substrates at RTa) STO, (b) LAO, and (c) MgO.

wherep is the equilibrium liner misfit dislocation density at

T . Assuming no additional dislocations form during cool-

ing down [i.e., p(Tg)=p(T) for T<Tg], an “effective”  the tunability on the film thickness for BST 50/50 on STO,
substrate lattice parametag can be defined and used for the L AO, and MgO substrates at RT for an applied field along
calculation of the misfit strain of the films with different [001] assuming thal 5 is 800 °C. The critical thickness for

thickness grown on a selected substtaté dislocation formation on STO, LAO, and MgO are calculated
ag(T) to be approximately 19.6, 2.8, and 1.4 nm, respectively, us-
ag(T)= (10 ing the Matthews—Blakeslee criteta®> The variation in the

pag(T)+1 misfit strain as a function of the film thickness for the three

We have recently provided a theoretical estimation correlatsubstrates is also included in Figga)~7(c) (dashed lines

ing the film thickness to the misfit strain for BST films on Note that in-plane compressive stresses are developed on

“compressive” substrates such as Sr{i(3TO) and LaAIG, MgO substrate for films thicker than 45 nm due to the inter-

(LAO) and “tensile” substrates such as Si and MyO. play between the misfit dislocation generatioriTgtand the
Using the “effective” substrate lattice parameter con-thermal stresses due to the difference in the thermal expan-

cept, the dependence of the tunability on the film thicknession coefficients of the film and the substrate that develop as

can be established. Figure&@)~7(c) plot the dependence of the film cools down fromT. It should be pointed out that
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the misfit strain for(001) films on (001) Si substrate as high corresponding free energy expansion coefficients and the
as 1.0% is predicted even by taking into account the relaxelastic moduli of BT and STO due to lack of data on single
ation due to formation of the misfit dislocations&t'* and  crystals of the same composition. Second, the sixth-order
the resulting tunability is less than 1% for a maximum ap-polarization terms and their coupling with internal stresses
plied field of 67 kV/cm. Noticeable tunability can only be are neglected, which is a reasonable approximation in the
achieved at extremely high fields 100 kV/cm). This agrees  vicinity of T .%” Furthermore, we have disregarded the pos-
with the experimental data reported by Bascetrial3* In sibility of the formation of polydomairipolytwin) structures
practice, one or more buffer layers between the film andas a mechanism to relax internal stresses because of the small
substrate are often used to reduce the internal stresses in thelf-strain of the paraelectric—ferroelectric phase transforma-
film.2® tion in the investigated temperature range. Although the for-
It can be seen from Fig.(&) that the tunability of the mation of certain polydomain structures is thermodynami-
film on STO substrate increases continuously with increasingally possible for relatively large tensile misfitg3338-4°
film thickness. This is due to the fact that the film on STOthere is no experimental observation of such structures in
remains in thec phase region throughout the thickness rangeepitaxial BST films with Ba concentration in the 0.3-0.7
evaluated. Therefore, films on STO substrates should be asterval. Additionally, it should be kept in mind that the mis-
thick as possible in order to achieve optimum tunability. Forfit dislocation model of Matthews and Blakeslee is the result
films on the MgO and LAO substrates, however, the tunabil-of a thermodynamic analysis and thus the real critical thick-
ity behaves significantly different. There is a maximum inness for dislocation formation and the linear equilibrium dis-
the tunability at~120 and 90 nm for films on LAO and location density may differ significantly from the actual ob-
MgO substrates, respectively. The tunability drops offserved values because of kinetic facté44’A variation in
sharply for films with a thickness less than the critical value.the critical thickness for misfit dislocation generation should
The rate of decline in the tunability is relatively smaller for in turn alter the critical thickness for maximum tunability
films thicker than the critical thickness. The maximum in the[Fig. 7(b) and 7c)] but not the value of the critical
tunability is associated with a phase transformation from themisfit strain(Fig. 6). Finally, the thermodynamic model may
¢ phase to thgaraelectricphase due to the reduction in the not be applicable for films less than20 nm thick because
magnitude of the misfit strain with increasing film thicknessthe model does not take into account depolarizing fields
[see Fig. 6a)]. Consequently, to obtain maximum tunability, and surface effects, which may tend to suppress
the thickness of BST 50/50 films on MgO and LAO sub- ferroelectricity’*3~>°Very recently, it was proposed that the
strates should be chosen as close to the critical film thicknesso-called size effect in ferroelectric particles is due to a de-
as possible. crease in the spontaneous polarization at the particle core
instead of the surface effect or the depolarization fields.
The phenomenological treatment showed that the LD expan-
IV. CONCLUDING REMARKS sion coefficients may very well be size dependent.

We have developed a thermodynamic model based on As a final note, a tunability as high as 100% is predicted
the LD phenomenology to provide a quantitative predictionfor epitaxial BST films in our calculations close to the criti-
of the tunability in epitaxial BST films on various substratesC@l Misfit. Experimentally, only a tunability of-80% has
as a function of film thickness. We have shown that the seP€en reported.This discrepancy is mainly because of the
lection of the substrate and/or the film thickness can be chg2Verestimation of the small-signal dielectric constant that
sen as design parameters to manipulate the strain state in tHiSP/ays an anomaly at the critical misfit strain due to the
film to achieve optimum tunability. The analysis is in good Structural phase transformations, resulting in a very high tun-
agreement with experimental results and explains the gener@Pility in the vicinity of the critical misfit. However, such a

trend observed in experimental studies that show that th&ha/P response in the dielectric constant as a function of
tunability significantly deteriorates with increasing internal t€Mperature in actual films cannot be observed mainly due to
stress levet!'2 Annealing treatments as well as the deposi_mmrostructural and chemical inhomogeneities as well as de-

tion of a buffer layer is generally used to lower the internalfects which tend _to diffuse the paraeIe_ctric—ferroelectric

stress level as to improve the tunability in ferroelectric thinPhase transformation over a temperature interval rather than

films. a single point. Far from the critical strain, however, our cal-
Although we have focused on the BST 50/50 Composi_culations are in good agreement with the experimental data

tion, the approach can be readily applied to other BST com{Tom the literature.

positions with only slight modifications. For compositions

close to STO, it should be taken into account that upon cool-
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