HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 18 1 NOVEMBER 2004

Effect of thermal strain on the ferroelectric phase transition in
polycrystalline Ba 5Srg5TiO5 thin films studied by Raman spectroscopy
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We have applied Raman spectroscopy to study the influence of thermal strain on the vibrational
properties of polycrystalline BaSr, 5TiO5 films. The films were grown by rf magnetron sputtering

on Pt/SiQ surface using different host substrates: strontium titanate, sapphire, silicon, and vycor
glass. These substrates provide a systematic change in the thermal strain while maintaining the same
film microstructure. From the temperature dependence of the ferroel@gtsiaft phonon intensity,

the ferroelectric phase transition temperatdig,was determined. We found th&¢ decreases with
increasing tensile stress in the films. This dependence is different from the theoretical predictions for
epitaxial ferroelectric films. The reduction of the ferroelectric transition temperature with increasing
biaxial tensile strain is attributed to the suppression of in-plane polarization due to the small lateral
grain size in the films. €004 American Institute of PhysiddOIl: 10.1063/1.1813625

Thin film ferroelectrics, such as barium strontium titan- phase transition temperature in ferroelectric thin films. The
ate, BasSr,_,TiO3 (BST), continue to attract broad research temperature dependence of the dielectric constant of thin
attention due to their potential for novel device applicatibns. films is often broad, and it deviates from the Curie~Weiss
The differences between thin-film dielectric properties andbehavior at temperatures significantly higher than bIgk
those of corresponding bulk materials remain a major issuelhis makes the precise determinationTef difficult as dis-
Possible causes of this difference include nonstoichiometrycussed by Vendik and Zubkand exemplified by the result
defects such as oxygen vacancies, interface and size effects, Taylor et al,” in which the fitting to the Curie—Weiss
and strair®”’ Strain reduces the dielectric constant in BST behavior resulted in the values of below 0 K. The tem-
films® and changes the ferroelectric phase transition temperaerature dependence of the soft phonon modes can provide a
ture, Te, and Curie-Weiss constaht.In most experimental more physical measurement B in ferroelectric thin films,
studies of BST films, the critical thickness is exceeded at thgince the soft mode behavior reflects the ferroelectric phase
high growth temperatures and the films become fully ortransition. In our previous studies, we have investigated soft
nearly fully relaxed. Biaxial stress is imposed on the filmsphonon modes and the ferroelectric phase transitions in epi-
due to the thermal expansion mismatch upon cooling to roonaxial BST films using Raman spectroscdPy’ Recently,
temperature. In epitaXial f”mS, in which the CryStalline StrUC'the impact of thermal strain on the renormalized Curie—
ture matches that of the substrate, strain can be fairly welyejss temperature and constant in polycrystalline BST films
characterized and its effects on the ferroelectric propertieg,gg investigate%jby growing BST films on substrates with
have been theoretically describ&tStrain effects in poly-  gifferent thermal expansion coefficients using the same thin
crystalline films, on the other hand, are more complex. Fibepyffer layer of Pt/SiQ. This approach allows one to obtain
textured films may be similar to the epitaxial films, whereasgsT fiims of similar morphology with different thermal
in films with randomly oriented grains one may expect dif-strain, In the present letter, we report a lattice dynamics
ferent behaviors. study in polycrystalline BST films with different thermal

Lattice dynamics determines the fundamental propertieg;5in.
of ferroelectrics, therefore, it is important to study the vibra-  The Bg .Sr, TiO5 films for this study were grown by rf
tional properties of ferroelectric thin films under the influ- magnetron 'spu'ttering on four different substrates: SgTiO
ence of strain. In particular, Raman spectroscopy data on t'"t%TO), sapphire, Si, and vycor glass, covered by 60 nm,SiO
soft mode behavior are very valuable for determining the;ng 100 nm platinum layers. The sample growth was de-

scribed previousl;’?.X—ray diffraction measurements revealed
¥Electronic mail: dat10@psu.edu polycrystalline BST films with weak110) and(111) texture.
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FIG. 2. Temperature dependence of fesoft mode intensitynormalized
0.4 to the Bose facton+ 1) for Ba, 55K, 5TiO5 films grown on STQ(circles and
r vycor glass(triangleg substrates.
5 K

200 400' .soo. weak in the case of the first-order phase transition. There-
Raman shift (cm"') fore, it is difficult to determin€él - by measuring the frequen-
cies of either one of the soft modes. On the other hand, the
intensity of theA; mode decreases to zero when the tempera-

ture increases td, since this mode exists in the ferroelec-
tric phase only. Therefore, while the absoldte soft mode
Raman spectra were measured using a SPEX Triplemaigtensities cannot be compared between different samples, its
spectrometer equipped with a liquid nitrogen-cooled multi-relative change with temperature can be used to determine
channel coupled charge device detector. Spectra were rée value of T for a sample. This approach is especially
corded in the temperature range 5—300 K in backscatteringaluable in the case of the first-order phase transition, when
geometry using the 514.5 nm Alaser line as the excitation the polarization does not go to zero continuously, but has a
source. The laser power density was kept at a low levetliscontinuity atTc. The phase transition in BgSry sTiO3 is
(=30 W/cn?) to avoid heating of the samples. of the first order, as follows from our studies of both single
Figure 1 shows the temperature evolution of the Ramasrystals and films?**
spectra of a BST film grown on STO substrate. The spectra  Taylor et al? have shown that the tensile thermal strain
were recorded in parallel polarization configuratizim,x)z ~ influences the dielectric constant, the Curie-Weiss tempera-
(z direction is normal to the film planeThe Pt layer below ture, and the Curie-Weiss constant in the polycrystalline
the BST film completely screens the substrate, and the speBST films. Since the dielectric constant is inversely propor-
tra contain only the phonon lines of BST films. The low- tional to the square of the soft mode frequency, the variation
temperature Raman scattering signals are strong, indicatirlg the dielectric constant due to thermal strain reported in
that although the films are polycrystalline, the crystallinity of Taylor et al.” is too small to observe by measuring the fre-
each grain is very good. Two peaks were observed at afiuencies of the broad soft mode peaks. However, the impact
temperatures at around 215 and 536tnThe 215 cmt  of the thermal strain ofi¢ is very clearly observed. Figure 2
peak is attributed to the mixed LTOLO; phonon mode, and shows the temperature dependence ofAhsoft mode Ra-
the 536 Crﬁl peak Corresponds to the 'E@honon:!'o The man intenSity for two BST films grown on STO and vycor
frequencies of the hard mode do not change much with ten@lass substrategThe intensity is normalized by the Bose
perature. At low temperatures a peak at around 153 evas  factor n+1=(1-expg~%w/kT))™ to correct for the general
observed, which is thé\; component of the soft phonon temperature dependence of Raman interjsithile the ther-
mode TQ. Another soft mode component, temode, can mal expansion coefficients for BST and STO are nearly
be observed in the low-frequency spectral range in perperequal,® the glass has significantly lower thermal expansion
dicular polarization geometr)z(x,y)zlo Unlike in pure coefficient® Therefore, the thermal strain is very small in the
BaTiO,, where theA; soft mode line merges into the broad film on STO, but much larger and tensile in the film on
feature of TQ phonon' the two phonon lines remain dis- VYCOr. As one can see, th&, soft mode intensity in the
tinctly separated in BaSr <TiOs;. The cubic-tetragonal Sample grown on glass goes to zero-&20 K, while for the
phase transition leads to the splitting of the triple degenercase of STO substrate this temperature-&75 K. Figure 2
atedFy, mode in the paraelectric phase into thgdouble  clearly demonstrates that the tensile strain causes a large de-
degeneratedand A; modes in the ferroelectric phag?el_3 crease of the ferroelectric phase transition temperature.
The square of th& soft mode frequency is inversely propor- The data for the films on all the substrates studied are
tional to the dielectric constant in tree-b plane while the ~summarized in Fig. 3. From the differences in the thermal
square of the\; mode frequency is proportional to the spon- expansion coefficients between BST and the substtates,
taneous polarizatiot:*> thermally induced strain at 250 K is calculated, which is ten-
Because thé& soft mode is overdamped near the ferro-sile for vycor glass(-0.71%), Si (-0.54%), and sapphire
electric phase transitioll,its frequency is difficult to mea- (-0.28%), and slightly compressive for ST@.03%. As the
sure neaiTs. The temperature dependence of the spontanemagnitude of the tensile strain increases, the ferroelectric

ous Polarization, thus th@,; soft mode frequency, can be phase transition temperature decreases. The valugs aé-
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FIG. 1. Raman spectra of B&5rysTiO5 films in the temperature range
5-300 K measured in parallel polarization configuration.
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Epermal A 250 K (%) gions start to develop in the films. This temperature can be
06 04 02 00 -02 significantly higher than bulkr;, and is analogous to the
S Burns temperature in relaxor ferroelectri¢sPolar defects
like oxygen vacancies and inhomogeneous strain caused by
defects were suggested as possible causes for broadened
ferroelectric phase transition in films°
In summary, we have studied the soft phonon modes of a
series of polycrystalline BaSr, sTiO3 films with different
thermal strain by Raman spectroscopy. Raman data on the
soft mode behavior are used to determine the ferroelectric
phase transition temperatur.. The temperature depen-
- dence of theA; soft mode intensity reveals thag decreases
100 St e with increasing the magnitude of the thermally induced ten-
(10° K" sile strain. Our results suggest that theomain is fixed in
the polycrystalline BST films during the growth and cooling
FIG. 3. The Curie-Weiss temperature as a function of the thermal mismatcprocesses. The complex structural nature of the polycrystal-
and thermal strain, determined from the soft mode Raman intensity for  |ine films has to be taken into account when studying the

all types of substrategircles and calculated within the thermodynamic - ; . :
model (Ref. 5. The dotted line shows the predicted behaviofTgfif the strain dependence of the ferroelectric phase transition in

polarization is fixed normal to the film surface. these films.
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