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For (001 oriented BaTiQ thin films, it has been found that epitaxial constraint can result in a
dramatic increase in the temperature of a tetragéRastructural phase transition. For 2000-A-thick
films grown directly on SrTi@Qsubstrates, & — cubic (C) phase transition was found on heating at
>950 K, where the lattice constant changed smoothly with temperature. It was also found for films
of the same thickness that the— C transition is nearly restored to that of bulk crystals by the use
of a buffer layer, which relaxes the epitaxial constraint. These results provide evidence of an
epitaxially induced high temperature structural phase transition in Baffi@ films, where the
ferroelectric(interna) and structuralexterna) aspects of the phase transition are decoupled. ©
2004 American Institute of Physid®Ol: 10.1063/1.1812579

The classic first order ferroelectric phase transformation  Recently, a Landau—Ginzburg—Devonshit&sD) ther-
is the cubic (C) to tetragonal(T) one in BaTiQ bulk  modynamic theory has been developed by Perésel® to
crystals? which occurs near a Curie temperature B  describe the effect of epitiaxial constraint on the structural
=405 K. Subsequent ferroelectric transitions occur to loweiphase transitions of SrTiCthin films grown with differing
symmetry orthorhombic and rhombohedral phases with demisfits on various substrates. SrgiBulk crystals undergo a
creasing temperature. Thin films of Bafi@ave also been C— T transition on cooling at=105 K which is ferroelastic
intensively investigated for applications in ferroelectric in nature, but not ferroelectric. Rather, it is an incipient ferro-
memories, integrated capacitors, and electro-opti@lectric. Using the LGD theorﬁfthe epitaxial phase diagram
modulators® Both epitaxiaf* and polycrystallin&' films  of (001), oriented SrTiQ as calculated for films grown on
have been studied. various cubic substrates. It was shown that decoupled ferro-

Investigations of epitaxial BaTigCfilms from on SrTi(_g8 electric and ferroelastic instabilities could be driven by epi-
and MgG™ have reported the lack of structural phase transtaxial constraint, where various ferroelectric phase transi-
formations. This was evidenced by the lack of anomalies intions could occur as internal atomic rearrangements within
the temperature dependence of the lattice parameters. In pderroelastically distorted™ phases.
ticular, studies by Yonedat al® have found the lack of a The thermodynamic investigations of constrained thin
T—C transition on heating for films of 100, 1000, and layers of SITiIQ' suggest that epitaxy might result in decou-
4000 A thickness grown on MgO—the tetragonal structurepled ferroelectric and ferroelastic phase transitions from pro-
remained present at all temperatures measured upto 850 kotypic cubic(m3m) to tetragonal symmetries in many per-
However, corresponding electrical property measurementgyskite films. However, it has yet to be shown whether there
revealed a maximum in the temperature dependent dielectrig an independent ferroelasfic— C structural phase transi-
constant(K) at T=410 K, in near agreement with that of tijon in epitaxially constrained ferroelectric films at higher
bulk BaTiG; single crystals and ceramics. These results haveemperatures, or not. In this letter, we will report a high-
recently been interpreted as the effect of epitaxial constrainlemperaturel — C phase transitiori>900 K) in epitaxially
that prevents external dimension changes of the film due teonstrained 001), oriented BaTiQ films grown directly on
clamping, while permitting a ferroelectric phase transitionsTio, substrates. It will also be shown for films of the same

with internal displacive rearrangements. thickness that th& — C phase transition temperature can be
restored to that of bulk single crystals by the use of a buffer
¥Electronic mail: dviehlan@vt.edu layer, which relaxes the epitaxial constraint.
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FIG. 2. Longitudinal(200) profile for a 2000-A-thick BaTi@ films grown
% directly on(001), SrTiO; substrate; and a 2000-A-thick BaTj@ms grown
- 0.0l = on a 600-A-thick SrRu@electrode(or buffer layey, which was grown on
| top of a(001), SrTiO, substrate.
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(HOL) zone for(001). BaTiO; films (a) grown directly on
SrTiOg; and (b) grown on a SrRu@buffer layer. The mesh
scans reveal two peaks for the film grown directly on

SrTiO;, whereas three peaks can be seen for that grown on
FIG. 1. Reciprocal space scans {001). oriented BaTiQ thin layers taken the SrRuQ, bUﬁ,e,r la_yer' Th_e phases corresponding "[0 the
along the(HOL) zone for(a) a 2000-A-thick BaTiQ films grown directly ~ P€aks are identified in the figures. These results confirm that
on (001, SrTiO; substrate; andb) a 2000-A-thick BaTiqQ films grown on  the SrRuQ buffer layer has a lattice parameter close to its
a 600-A-thick _SrRu@eIectrode(or buffer layey, which was grownontop  pulk value (a=3.98 A), and that the BaTi@layer is much
of a (001 SrTiO, substrate. The values OHKL) are normalized to those  patiar |attice matched to it than to the SrEi€ubstrate. Ac-
of BaTiO; single crystals, i.e(H,K,L)¢ys=(1,1,D. Intensity is given on . ;i . .
a log scale. cordingly, for a given thickness, films grown on a SrRuO
buffer layer will be significantly more elastically relaxed. It
is also relevant to note that both films had a relatively small
We have grown phase-pure BaEi@BTO) thin films of  mosaic spread 0f-0.2°, revealing satisfactory film quality.
2000 A thickness by pulsed laser deposition of@®1),  Figure 2 shows longitudinaR00) profiles of(001), BaTiO;
single crystal substrates of SrTjOSome of the films were films grown directly on SrTi@ and on a SrRu@buffer
grown directly on SrTiQ deposited at 670°C in an oxygen layer. The data reveal the coexistenceanda domains for
ambient of 20 mTorr at a growth rate of 0.7 A/s. Othersfilms grown on the buffer layer, whereas those grown di-
films were grown on top of a conducting perovskite oxiderectly on SrTiQ consisted mostly of onla domains.
electrode. SIRUQ(SRO was chosen as the bottom elec- A complete structural analysis was then done using lon-
trode due to the closest lattice mismatch with the BTO strucgitudinal (200 and (202) profiles for both types of films.
ture: films of SRO of 500 A were deposited at 600°C in anFigure 3 shows the lattice parameters as a function of tem-

oxygen ambient of 100 mTorr, and followed by the BTO perature for films growita) directly on the substrate; arib)

film deposition as described earlier. X-ray diffraction studiesOn the buiffer Iayer. _Comparis_ons of data in the figu_rg will
reveal a dramatic difference in tieE— C phase transition

were performed using a Phillips MPD system. Careful inves- ) .
tigations were performed using a high resolution x-ray dif_temperature on heating between these two types of films. For

fractometer equipped with a two bounce hybrid m0nochro-zooo"&'th'Ck films grown on SrTi@substrates, thd -C

mator, an open three-circle Eulerian cradle, and a doomehase transition occurred on heating near 95Qriaybe

hot st A GE@20) cut al d I slightly deviated due to fitness erjoHowever, for an iden-
ot stage. cut crystal was used as an analyzer. ., 2000-A-thick film grown on SrRu@buffer layers, the
which had a theta-resolution 6¥0.0068°(or 0.43 arc sec

T— C phase transition occurred near 470 K—which is close
The x-ray wavelength was that of U\=1.5406 A and T =405 K of bulk BaTiQ single crystald:2 These results
the x-ray generator was operated at 45 kV and 40 mA. Thgyroyide evidence of an epitaxially induced high temperature
penetration depth in BaTiDat this x-ray wavelength is structural phase transition in BaTjQhin films, which is
much greater than that of the film thickness. The lattice conrelaxed by growth of an identical film on a SrRy®uffer
stants of(001). oriented BaTiQ films measured as a func- |ayer.

tion of temperature on heating over the range of Itis also important to note several other features in Fig.
300-1000 K. Thea-lattice parameter of BaTigbulk single 3. First, thea-lattice parameter for both films exhibited no
crystals atT=300 K isa=3.99 A, and thus we use one re- indications of a phase transition. Rather, the lattice param-
ciprocal lattice unit as corresponding @ (=b")=2m/a  eters changed gradually with temperature, similar to a simple
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4.05 . . T T data for the films grown directly on the SrTjQubstrate are
aoal @ BTO/SRO/STO qualitatively similar—except we clearly show thatTa—C
< ! o B phase transition occurs near 950 K. In our case, for films
@ 403L : .« 5 o grown directly on the substrate, the ferroelectgicterna)
S Tt : . G and structuralexterna) aspects of the phase transition must
o402 R ot 1 clearly be decoupled.
g wor 5e-<;.g & a0 | In summary, 2000-A-thick BaTi@films grown directly
8 = : Ty on (001), SrTiO; substrates have a tetragonal structure until
'g 400 b Tetra_a; 4 a temperature greater than 900 K. However, an identical film
~ ! of the same thickness grown on a 500-A-thick SrRbOffer
3.99 200 e P 1000 layer on top of the sups‘_[rate undergoeg-a C transmon at
T ¢ K 470 K, in close proximity toTc=405 K of bulk BaTiQ
emperature (K) crystals. These results provide evidence of an epitaxially in-
4.05 r r . . duced high temperature structural phase transition in BaTiO
(b) BTO/STO : thin films, where the ferroelectri(:intg_rnab and structural
=z 404 - : T (externa) aspects of the phase transition are decoupled.
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