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Barium strontium titanatéBa, ¢Si, ,TiO3) thin films have been prepared on Pt/Ti/SIS substrates
using a soft solution processing. X-ray diffraction and also micro-Raman spectroscopy showed that
the Bg gSip »TiO3 thin films exhibited a tetragonal structure at room temperature. The presence of
Raman active modes was clearly shown at the 299 and 725 gmaks. The tetragonal-to-cubic
phase transition in the BaSr, »TiO3 thin films is broadened, and suppressed at about 35 °C, with
a maximum dielectric constant of 94800 kH2z. Electrical measurements for the prepared
Bay ¢Sty ,TiO5 thin films showed a remnant polarizatié® ) of 6.5 uC/cn?, a coercive fieldE,) of

41 kV/cm, and good insulating properties. The dispersion of the refractive index is interpreted in
terms of a single electronic oscillator at 6.97 eV. The direct band gap efeggand the refractive
index (n) are estimated to be 3.3 eV and= 2.27-2.10, respectively. @002 American Institute

of Physics. [DOI: 10.1063/1.1466526

I. INTRODUCTION mentally friendly processing using aqueous solution, and it
o o _ seems to provide results similar to every other process using
Ferroelectric thin films are potentially important materi- ,i4s such as vapor, gas, and plasma or beam/ vacuum pro-

als for a variety of devices such as ferroelectric MemorieSgassing, while consuming less total energy than other pro-

infrared pyroelectric sensors and in other integrated techzggsing routes. In addition, it offers some advantages, such as

nologies. Among the many classes of ferroelectric perovsy,mqgeneity, stoichiometric control, and the ability to coat
kites, the lead lanthanum titandtdéead zirconate titanate, large area and complex substrates.

lead titanaté, and barium titanafehave probably been the Among a few techniques of soft solution processing, the
most intensively investigated. However, a serious problem Obolymeric precursors meth&'7 can be included, because
these materials is that they display polarization fatigue wheyt ihe jiquid nature of the constituents and the relatively low
subjected to electric field cycling. On the other hand,,.,cessing temperatures used, and this method yields prod-

bismuth-layered perovskite, e.g., barium bismuth tantalatg s \with much higher homogeneity than does solid-state
(SBT)® thin film, is reportedly a good candidate for nonvola- processing.

tile ferroelectric random access memory since this film has 1540 Safari. and Klelf reported BST thin films of
good polarization and low fatigue characteristics. However, 4.5 compositions by the sol-gel process, whose grain
SBT films have a low dielectric constant and high crystalli- i, ranged from 20 to 50 nm, and no ferroelectricity was
zation temperaturé~800 °O. A variety of processing tech- resent However, there have been few reports on the ferro-
nigues have been tried out to produce these thin films, Nalectricity of the BST thin films. Yuzyulet al’® reported
cluding.rf sputtering, sol gel, mgtals)lrganic chemical VapOrygarized Raman spectra of tetragonally distort®e, _, Sr,)
deposition(MOCVD), laser ablat|orff_, etc. On the other 15 ferroelectric films on a MgO substrate using a micro-
hand, barium strontium titanatBST) is currently one of the Raman analysis.
most interesting ferroelectric materials due to its high dielec- £ this viewpoint, this work reports BasSr, »gTiOs
tric constant and composition-dependent Curie tempi}}rgturemin films with good ferroelectricity, successfully fabricated
Many 2f|Im growth techniques such as MOCVD, . soft solution processing. The structure of the films was
sputtering’? molecular beam epitaxy, laser ablatiol' have 4 acterized using x-ray diffractometrg<RD), micro-

been employed to fabricate BST thin films. Actually, new -0 spectroscopy and scanning electron microscopy
solution deposition methods, based on wet chemistry, haVFSEM).

been used for the preparation of oxide thin films. In this
regard, chemical processing using solutions, including soft
solution processing, have been attracting increased interedt. EXPERIMENT

The soft solution processing can be defined as an environ- 14 starting materials were barium carboné@aCo;)

strontium carbonate and titaniufiV) isopropoxide. Citric
dElectronic mail: derl@power.ufscar.br acid and ethylene glycol were used as the chelanting and
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polymerizing agents, respectively. Titanium citrates were
formed by the dissolution of titaniurlV) isopropoxide in a
water solution of citric acid60—70 °Q under constant stir-
ring. Strontium carbonate was added, at a stoichiometric a
guantity, to the titanium citrate solution. After homogeniza-
tion of the solution, resulting in a clear solution, BaQ@as
slowly added, while stirring vigorously. In order to achieve
total BaCQ dissolution, ammonium hydroxide was drop-
wise until thepH reached 7-8. After homogenization of the
solution containing Sr and Ba cations, ethylene glycol was
added to promote mixed citrate polymerization by the poly-
esterification reaction. With continued heating at 90 °C, the
solution became more viscous. The relative proportion of the . ' . , . r .
metallic ions present in the polymeric precursor solution was 20 30 40 50 60
Ba/Sr/Ti equal to 0.8/0.2/1.0. The viscosity of the deposition 26

solution WaS_ ad_JUSted to 10 mPa/s by Contro_”mg the_ WateerIG. 1. XRD pattern of the soft solution processed, f&, ,TiO5 thin film
content. Thin films were prepared by dipping platinum-on (a) quartz andb) platinum-coated silicon substrates. The inset shows the
coated silicon and quartz substrates in the previously dedeconvolution of th§200/002 peaks on platinum-coated silicon substrate.
scribed polymeric precursor solution and subsequently pull-

ing it up at a constant speed of 0.76 cm/min. After .
deposition, each layer was dried at 150 °C on a hot plate foptant of 0.06 N/m. The temperature dependence of the dielec-

20 min to remove residual solvents. The heat treatment w telrcrogferl:st:ﬁ:r-];gr:;Mlznl\j? S;g;? ulrnatif)hne J'slms a'an 41m9;t:1I—
carried out in atmospheric air in two stages: initial heating at g ' g

400°C for 2 h at aheating rate of 5°C/min to burn the impedance/gain phase analyzer, and the hysteresis loop mea-

. . . Purements were carried out on the films with a Radiant Tech-
organic materials, followed soon thereafter by heating a

700 °C for 2 h for crystallization. Each layer was heat treated:I glr?sréeR;?og(r)(;\rlzfrﬁ Tizilsue de!(()jori)rsn \'Z\tlweeresgfatl\fvzge u(s)lfngthtehe

at 400 and at 700 °C before the .next layer was coated. Th'ﬁ 6000HVS in a virtual ground mode test device. The char-
process was repeated several times to produce the desired,” .~ .
! . acteristic leakage current-voltagle-V) curve was measured
film thickness. . .
. - using a voltage source measurement Gikaithley 237. To
The thermal decomposition characteristics of the poly- . .
measure electrical properties, Au dot electrodes @.3 mm

meric precursor solution were investigated by thermogravi- . . . .
. . . ) . . in diameter were deposited by sputtering through a designed
metric analysiSTGA) and differential scanning calorimetry P y Sp 9 g 9

) S mask onto the film surfaces. In order to achieve a contact
E:Iiﬁsl(r:])nrg)SEAg:goga CN;:?;:t r?e (Zrt?:]zh?;?esg?tfg to'é ﬁ;:}sgom with the platinum bottom eIectrodg, a corner of the film was
room temperature up to 800 °C. In this study, the gel WasetChEd away using a HF HCI mixing solution.
pre-dried at 100 °C for 6 h, and then analyzed.

The Bg goS1.00TiO5 thin films were structurally charac-
terized by x-ray diffractionXRD) (Cu K, radiation) in the XRD analysis revealed a tetragonal perovskite crystal
mode of -6 scan, recorded on a Siemens D5000 diffrac-structure with a distortion 0of-1.018 for the BggSry ,TiO5
tometer. The lattice parameters of theyBgr, ,0TiO5 thin  thin film. Figure 1 displays XRD patterns of the films depos-
films were measured using the least- square method. Theed on platinum-coated silicon and quartz substrates at
optical transmittance of BST films was measured in the700 °C. The films were polycrystalline without preferential
wavelength range of 200—2500 nm using double beam UVerientation and contained only the perovskite phase. The
VIS-NIR spectrophotometdiCary 5G — Variain The micro-  films derived from the polymeric precursor method showed
Raman measurements were performed at room temperatui@)vious tetragonality, as evident from the distinct splitting of
using the 514.5 nm line of an argon ion laser as the excitathe {100/00% and{200/002 reflections(see inset of Fig. 11
tion source. The power was kept at 15 mV and a ¥0&ns  In addition, no apparent splitting ¢200 and (002 peaks
was used. The spectra were recorded using a T-64 Jobimvas observed by Cheres al?° for Ba, ¢St ,TiO5 thin films
Yvon triply-monochromator coupled to a conventional pho-by sol-gel process.
ton counting system. The thermolysis behavior of BST gel that had been pre-

The film thickness was measured by observing the crosdried at about 100 °C is shown in Fig. 2. TGA analysis indi-
section of the films by SEM using a Zeiss DSM940A scan-cated a major weight loss between 50 and 700 °C. No weight
ning electron microscop6SEM). Atomic force microscopy loss was observed at temperatures higher than about 700 °C,
(AFM) was used to obtain an accurate analysis of the sampliedicating that all organic material was burned, signifying
surface and the quantification of very important parameterfinal conversion to a ceramic powder. To verify the crystal-
such as roughness and grain size. A Digital Instruments Mullization peak, pre-pyrolized powders of BST were calcined at
timode Nanoscope llléSanta Barbara, CAwas used. AFM 300 °C for 2 h. The TGA curvéFig. 2(b)] shows a small
imaging was carried out in the contact mode, using aweight loss of about 5%, between 50 and 200 °C, which
trianguar-shaped 20@m-long cantilever with a spring con- corresponds to the evaporation of absorbed water, a major
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FIG. 2. DSC-TGA curves forta) TGA curve for gel sample(b) TGA curve ' "
for pre-pyrolized powder{c) DSC curve for pre-pyrolized powder.
FIG. 4. AFM micrograph of BST film annealed at 700 °C.

weight loss(32%9, between 300 and 600 °C, which is prob- ness of the BST thin film were also estimated using atomic

) . . ) dforce microscopy. Figure 4 shows the images of BST thin
their combustion, a_”d a We'ght l0$82%) in the range of 1 annealed at 700 °C for 2 h, which was characterized by
600-690 °C. The final weight loss was completed at abou small surface roughness with a uniform, crack-free micro-

690 °C. Differential scanning calorimetry analysis Carr'Gdstructure, which is in agreement with the SEM analysis. The

out in the powder shows several exothermic peaks; no furéverage grain size and surface roughress) of the spheri-

ther changes beyond 690 °C were observed. The DSC da{d?al shaped grains were calculated using the equipment’s soft-

g‘gff éEd er?o:]hermm peaki at daboutb3§|4, 450’h545;' ar/1 are routine. The average grain size and the surface rough-
, which were attributed probably to the 10ss/\oqq \yere close to 90 and 4.5 nm, respectively.

. o . . n
combustion of specific organics groups. The final DSC peak The micro-Raman spectra measured at room temperature

which appears at-675 °C may be due to the final combus- after having the film annealed at 700 °C are shown in Fig. 5

tion of organics, associated with the crystallization temperafogether with the labeling of the positions of Raman shifts,

ture of the_ BST perovskite phase evidenc_ed by the eXo'meralccording to the convention explained in Refs. 21 and 22. All
mal peak in the DSC curve and later confirmed by XRD.

. . ' peaks were attributed to the Raman active modes from the
The sgrface_mo_rphology of a ponmerlc_: solution denvgd perovskite structure of the BgSr, »TiO5 film. The peaks at
BaO_SSrO_le_O3 thin f|_Im tha|ned by scanning electrgn M- \vave number around 230, 297, 517, and 724 trare iden-
croscopy is shown in Fig. 3. It can be seen from this f|guretified as A,(2TO), E(3TO+ 2LO) + B,, A,(3TO), and

that large grains with a size of about 100 nm were formed irE(4LO),23 respectively. The micro-Raman spectrum from the
four frequency peaks is similar to that of the te-

BST film. The film thickness is approximately 400 nm veri- film with
fied by SEM. The average grain size and the surface roughy, o0l BaTiQ crystal?* These peaks in the films shifted
slightly toward lower wave numbers as compared with those

in the powder and BaTi@single crystal, indicating the ex-
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FIG. 3. SEM micrograph of the BaSr, ,TiO5 thin film prepared by soft  FIG. 5. Micro-Raman spectrum of the 8#&r, ,TiO5 thin film prepared by
solution process. soft solution process.
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FIG. 6. The optical transmission spectrum of a;E3x,,TiO3 thin film FIG. 7. The relationship between refractive index of B, ,TiO3 thin film
annealed at 700 °C. and wavelength.

istence of tensile stress in the film. A similar phenomenorStrong increase in the refractive index is associated with the
has commonly been observed by other autfors. fundamental band gap absorption. The curve shows that the
film spectrum in order of increasing wave number, a b

broadband at- 241 cni ! is observed. Next is a narrow peak n(\)=a+ = (1)
at~299 cm?. An intense broadband at517 cm? is skewed

toward the high frequency side, in a manner similar to th§yherea andb are constants.

corresponding band in the Ba‘@(?ingle crystaf The high- The dispersion data of the refractive index have been
estﬁflrequency peak, at725 cm *, corresponds to the 728 nterpreted with a single electronic oscillator mo&esimi-
cm™* peak seen in the BaTisingle crystal spectrurff lar results have been observed in BST films prepared by

As discussed above, the micro-Raman spectra providginer technique®3! Therefore, the dispersion of the refrac-

unambiguous confirmation of the presence of the tetragongjye index can be described by the Sellmeier dispersion for-
ferroelectric phase of BaSr ,TiO3 thin film through the 4

observation of the Raman peaks-a299 and~725 cm 1.
Similar results have been reported in BST film prepared by SO)\S
the sol-gel method The Raman spectrum upon excitation I no\?]
of active modes reveled that soft solution processed l—(y>
Bay gS1p »TiO5 thin film has good crystalline and tetragonal

structure. whereS, is the oscillator strength anxl, the average oscil-

Figure 6 shows the optical transmission spectrum of dator position.

Bay ¢St 5TiO5 thin film annealed at 700 °C. The film has a  As shown in Fig. 8, a plot of 1/¢—1) vs 1A” gives a
perovskite structure confirmed by XRD and micro-Ramanstraight line, and fits the Sellmeier dispersion formula with a
spectroscopy. The film was highly transparent and colorlessingle electronic oscillator wels, and\ are deduced from
to light at wavelengths longer than 460 nm. The high transthe slope(—1/S;) of the resulting straight line and from the
mittance indicates low surface roughness and relatively goothfinite wavelength intercept(1/SoA5)], respectively. The
homogeneity of the film. In addition, the transmission dropsaverage interband-oscillator ener@,) can be given by
rapidly at 420 nm, and the cutoff wavelength occurs at 320 hc

nm. The interference fringes are a result of the interference Eoz)\—,

between the air-film and film-substrate interfaces. 0

Optical constants like refractive index) of the film,  where h is Planck’s constant and c is the velocity of light.
have been determined from the transmittance spectrum fol- Values ofE,, Sy, Eq/Sy and\ obtained in this work for
lowing the method proposed by Manifacer, Gasiot, andBa,gSr,,TiO5 film are reported in Table | and are compared
Fillard 2’ with those reported for other authors.

Refrective index values at different wavelengths were  The optical band gap of film can be determined from the
calculated from the wavelength spacing of adjacent extremaharply falling transmission region. The low-wavelength ab-
of the interference oscillations observed in the transmittanceorption data for BggSr, ,TiO5 film prepared on quartz sub-
spectrum of BggSi, »TiO5 film. Figure 7. shows the disper- strates is related to the fundamental absorption assuming a
sion of the refractive index. The dispersion rises sharply withdirect transition between valence and conduction bed,
decreasing wavelength, showing the typical shape of a dissand-to-band transitionAccording to Tauc’s law? the ab-
persion curve near an electronic interband transitfonhe  sorption coefficient has the following energy dependence:

n(\)?-1= , )

©)
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FIG. 9. The @hv)Y? vs hv plot for Ba, ¢Sr, ,TiO5 thin film.
FIG. 8. Plot of 1{n?-1) vs 1A? for Bay gSry ,TiO; thin film.

_ sharp as shown in the inset of Fig. 11, which corresponds to
a_B(hv_Eg)Z/hv' “ a tetragonal-to-cubic phase transition. In addition, Cheng

The (ahv)¥? vs hv plots for the film are shown in Fig. et al3® reported that the tetragonal-to-cubic phase transition
9. By extrapolating the linear portion of these curves to zeraemperature of the BaSr, ,TiO5 thin film prepared by sol-
absorption [(ahv)¥?=0], the calculated energy gap was gel method was located at about 40 °C. O’Neillal®* re-
about 3.3 eV which is close to the energy g&@m1 e\) of  ported that ferroelectrics BST thin films with a grain size
Bag Sty »TiO3 film reported by Pandat al*° The energy gap ~30-50 nm have a Curie temperature attributed to an
from this work is reported in Table | and it is compared with tetragonal-to-cubic phase transition-at5 °C. The dramatic
the energy gaps elsewhere reported for BST films of diversgariation in Curie temperature can be related to the small
compositions. grain size. A comparison with the bulk Bgdr, ,TiO5 ceram-

The ferroelectric property of the BgSry ,TiO5 thin film ics shows that the peak was broadened and shifted to lower
was examined in MFM configuration. Figure 10 gives thetemperatures. It was reported that bulk,B8r, ,TiO5 ceram-
ambient temperaturie — E characteristics of the BST film. A ics showed a peak located-aB0 °C, which corresponds to a
well saturatedP-E hysteresis loop is obtained with a remnant tetragonal-to-cubic phase transitihit is well known that
polarization of 6.5uC/cn? and a coercive field of 41 kV/cm. the properties of polycrystalline ferroelectrics are dependent
The temperature dependence of the dielectric consignt ( on microstructure, particularly with respect to grain size.
—T) curve in the BggSIy »TiO5 thin film is displayed in Fig.  Zhenget al® pointed out that the tetragonal-to-cubic phase
11. The dielectric constant was calculated from the capacitransition temperature of the bulk BST ceramics is strongly
tance, which was measured at 100 kHz and zero bias, usingependent on the grain size if the crystallite size is lower
the following equations: than 500 nm. Lines and Gla$sstudied the bulk BST ce-

e, =CtleA, (5) ramic dependence of . or € and suggested thaf, was

greatly dependent on crystallite size.
where ¢, is the permittivity of vacuum space, t is the film
thickness, and A is the area of a top electrode. The tempera-

ture range for thes, — T test was from—258 to 125 °C. As 25 3
the temperature changed, a dielectric constant peak appeare 204
in the ¢, — T curve. The peak at about 35 °C was relatively 15_5
£ 103
TABLE |. Characteristic parameters of the optical functions of the BST 8 5j
polycrystalline thin films. 3
A 0_
c
Material So(m™2)  EoeV) Eq/So(eV n?) ro(um) EgleV) S 53
©
BaysShsliOs°  1.04x10%  7.16 6.9<10 4 3.96 N 104
Bay -Sfo5TIO5" 5.87 3.50 _g 151
Bag ¢S1,Ti05¢ 2.80 o
Bay sStp 5 TIO5? 101 6.76  6.76<107 14 3.31 -204
BayeShh,Ti0; 0.945<10“ 697  7.3x10“ 0178 3.30 253
(This work)
Reference 30. Electric field (kV/cm)
PReference 31.
‘Reference 37. FIG. 10. P - E hysteresis loop of the soft solution processed §3&, ,TiO3

dReference 38. thin film.
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pon T 0,20 From the transmission spectrum recorder in the range 200—
1000 Sogo ;\‘ lTC 2500 nm, the refractive index(\) was determined. The dis-
o’ * Koo, persion of the refractive index was interpreted successfully in
s00 ¥ 00 % To 4015 terms of a single electronic oscillator whose energy and
750 v 00% strength are 6.97 eV and 0.9430 * m?, respectively.
T mperntae Gy / The band gap energy of the 8, ,TiO; polycrystalline

P film onto quartz substrate was found to be 3.3 eV from linear

fitting of the absorption coefficien& to the Tauc plot of

(ahv)¥?vs v. The temperature dependence of dielectric con-
stant measurement showed that the §a, ,TiO5 thin film
exhibited a tetragonal-to-cubic phase transition at about
35 °C. Electrical measurements for the film showed a rem-
nant polarization of 6.5:.C/cn?, a coercive field of 41 kV/
Temperature (°C) cm, a low dissipation factor, and good insulating properties.

@
a
S

g

Dislectric constant

010

Dielectric constant
Dissipation factor

o
=]
o

300 -250 200 -150 100 50 O S50 100 150

FIG. 11. The temperature dependence of dielectric constant and dissipation
factor for BggSrp,TiO5 thin film. The inset shows the variation of the ACKNOWLEDGMENTS
dielectric constant in more details. . .
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