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Annealing conditions for preparation of epitaxial BaTi03 thin films on SrTi03 by dipping
pyrolysis process 
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Higashi 1-1, Tsukuba, lbaraki 305, Japan 

Epitaxial BaTi03 thin films were prepared on SrTi03 (100) substrates by dipping-pyrolysis process using a 
mixed solution of barium and titanium naphthenates, and effects of annealing conditions, i.e., temperature and 
atmosphere, on crystal1ization of BaTi03 films were investigated. Crystallinity of BaTi03 thin films depends not 
only on final heat-treatment conditions but on pyrolysis conditions; highly oriented BaTi03 thin films were 
obtained by prefiring between 440° and 550°C, foJJowed by final heat treatments at 750°C and above. In addition, 
crystallization of BaTi03 was found to proceed at lower temperatures under atmospheres with lower oxygen 
partial pressures (p(02)). Epitaxy of these films was confirmed by x-ray pole-figure analysis. 

1. INTRODUCTION 

Ferroelectric BaTi03 films are of much interest 
for electronic device applications, and epitaxial 
BaTi03 thin films having a smooth surface are 
required for electro-optical applications to achieve 
lower propagation loss. Currently, lots of attempts 
have been done to prepare the epitaxial BaTi03 thin 
films by various film deposition processes such as 
metalorganic chemical vapor deposition (MOCVD) 
[1-3], activated reactive evaporation [4], radio
frequency sputtering [5,6] and pulsed laser 
deposition [7,8], on a variety of substrates, e.g., 
MgO [1,5], LaA103 [2,3] and SrTi03 [6]. 

Among various thin film fabrication processes, 
dipping-pyrolysis (DP) process or metalorganic 
deposition (MOD) has the following advantages: it 
is a simple and low-cost chemical process and is 
easily applicable to films with any shape and size. 
Recently, the authors have succeeded in fabricating 
epitaxial BaTi03 thin films by this process [9]. In 
this paper, BaTi03 thin films were prepared on 
SrTi03 (100) by DP process varying the firing 
conditions, i.e., temperature and oxygen-partial 
pressure (p(02)), for pyrolysis and final heat 
treatment, and thereffects of these parameters on the 

crystallization of BaTi03 films were investigated. 

2. EXPERIMENTAL 

The coating solution was prepared by mixing 
barium naphthenate and titanium naphthenate with 
a molar ratio of Ba/Ti = 1.0 and by diluting it with 
toluene to decrease the viscosity. This solution was 
spin-coated (2000 rpm, 5 s) onto SrTi03 (100) 
substrates, of which the lattice-misfit values with 
tetragonal BaTi03 are 2.3% and 3.4% along a-axis 
and c-axis, respectively. The coated films were 
prefired at temperatures between 400° and 550°C 
for 10 min in air by rapid thermal annealing to 
pyrolyze metal naphthenates and to eliminate 
organic components. The spin-coating and pyrolysis 
were repeated to adjust the thickness of the 
precursor films to be about 0.7 ).lm. The precursor 
films were further heat-treated at various 
temperatures between 700° and 850°C for 1 h in air 
or in a low-p(02) atmosphere in a tube furnace. The 
low-p(02) environment was set by flowing a gas 
mixture of Ar and 0 2; the p(02) at the outlet of the 
tube furnace was measured to be 2x104 atm by 
zirconia oxygen analyzer. Alignment of films was 
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Figure 1. XRD 8-28 scans of the BaTi03 films 
pyrolyzed at 400°C (a), 440°C (b), 470°C (c), 
500°C (d) and 550°C (e) and then heat-treated at 
780°C in air. 

examined by x-ray diffraction (XRD) fJ-28 scans and 
pole figures using Cu Ka. radiation. The surface 
morphology of thin films was observed by scanning 
electron microscopy (SEM). 

3. RESULTS AND DISCUSSION 

First, the effect of pyrolysis temperature was 
investigated; the coated films were pyrolyzed at 
temperatures ranging from 400° to 550°C while the 
final heat-treatment temperature was fixed at 780°C. 
Both heat treatments were carried out in air. XRD 
fJ-28 scans for the films pyrolyzed at 400° - 550°C 
showed that these prefired films were all amorphous 
and the difference among them was not significant. 
However, after final heat-treatment at 780°C, 
remarkable difference was recognized in the 
crystallinity of final BaTi03 films. Figure 1 shows 
the XRD fJ-28scans ofBaTi03 fi1ms (a), (b), (c), (d) 
and (e), after pyrolysis at 400°,440°,470°,500° and 
550°C, respectively, and subsequent heat treatment 
at 780°C. Film (a), prefired at 400°C, was almost 
amorphous and traces of BaTi03 (/zOO) and/or (001) 
peaks were observed at the shoulder of peaks of 
SrTi03 substrate. By contrast, in films (b)-( e), 
pyrolyzed at 440° - 550°C, distinct (hOO)/(OOl) peaks 
of BaTi03 were recognized while other peaks of 
BaTi03 were faint, showing that the BaTi03 films 
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Figure 2. XRD 8-28 scans of the BaTi03 films 
pyrolyzed at 470°C and then heat-treated at 700°C 
(f), 750°C (g), 780°C (c), soooc (h) and 850°C (i) 
in air. 

were preferentially oriented with [100]- and/or 
[001]-axis perpendicular to the substrate surface. 
These results indicate that highly oriented BaTi03 
fi1ms could be obtained by pyrolysis at temperature 
ranges from 440° to 550°C. 

It is quite interesting that the crystaJJinity of 
BaTi03 films was significantly affected by pyrolysis 
(prefiring) temperature, although all the prefired 
films were amorphous by XRD fJ-28 scans and the 
final heat-treatment temperature was the same. The 
poor crystallinity offi1m (a) may be attributed to the 
presence of undecomposed Ba-naphthenate. The 
results of thermogravimetry-differential thermal 
analysis (TG-DTA) of starting solution indicated 
that decomposition of Ti-naphthenate completes 
below 400°C, whereas that of Ba-naphthenate at 
around 450°C. Thus, the film pyrolyzed at 400°C is 
assumed to consist of amorphous or submicron-sized 
crystallites of Ti02 and incomplete decomposition 
residue of Ba-naphthenate. In this case, it is no 
wonder that the segregation of Ti02 and Ba-residue 
in microscale would occur, resulting in the poor 
crystallinity of BaTi03 fi1ms even after final heat 
treatment. 

Secondly, when the pyrolysis temperature was 
fixed at 470°C, the temperatures for final heat 
treatment were varied between 700° and 850°C in 
air. Figure 2 shows XRD fJ-28 scans for the final 
BaTi03 films (f), (g), (h) and (i), heat-treated at 
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Figure 3. XRD fJ.28 scans of the BaTi03 films 
pyrolyzed at 470°C, and then heat-treated at 
650°C G), 700°C (k), 750°C (l) and soooc (m) 
under low p(02) of2x10"4 atm. 

700°, 750°, 800° and 850°C, respectively; this figure 
also includes the data of film (c), annealed at 780°C, 
in Fig. 1. In film (t), heat-treated at 700°C, the 
peaks of BaTi03 were hardly seen. In films (g)-(i) 
and (c), heat-treated at 750°C and above, the 
(h00)/(001) peaks of BaTi03 alone were observed; 
the higher the heat-treatment temperature the 
stronger the BaTi03 peaks. Using tile substrate 
SrTi03 (200) peak as an internal calibration 
standard, the lattice parameter of epitaxial BaTi03 
film (i), heat-treated at 850°C, along the direction 
perpendicular to the substrate surface was 
determined to be 0.3999 nm. This value is close to 
the a-axis lattice parameter (ao = 0.3994 nm) rather 
than c-axis one (c0 = 0.4038 nm) of tetragonal 
BaTi03, and is similar to those of the BaTiO:~ films 
prepared on MgO[l] and on LaA103[3) by MOCVD. 
The lattice parameter of film (i) along the direction 
parallel to the substrate surface will be reported 
elsewhere [9]. 

Thirdly, the precursor films, pyrolyzed at 470°C 
in air, were also heat~treated under a low-p(Oz) 
atmosphere of 2x10·4 atm. Figure 3 shows the XRD 
B-2B scans of films (j), (k), (J) and (m), heat-treated 
at 650°, 700°, 750° and 800°C, respectively. In film 
(j), heat-treated at 650°C, only traces of BaTi03 
peaks were observed at the shoulder of SrTiOs peaks. 
On the other hand, in films (kHm), heat-treated at 
700°C and lligl1er, strong BaTi03 (h00)/(001) peaks 
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Figure 4. Pole figure of BaTi03 (110)/(101) 
reflection for film (l). 

Figure Surface morphologies of the films heat-

treated at 750°C (g) and 800°C (h) in air. 

were observed. Comparison of Fig. 3 with Fig. 2 
revealed that the intensifies of the peaks in Fig. 3 are 
stronger than those in Fig. 2 when the heat
treatment temperature was the same; for example, 
film (m), annealed under Jow-p(02) atmosphere 
exhibited stf()nger BaTi03 peaks than films (h), 
annealed in air at the same temperature of soooc. 

Crystallization and alignment bel1avior of 
superconducting YBa2Cu:~07.y films greatly depends 
on p(02) of heat treatment, as described in our 



previous papers [10, 11]. In case of YBa2Cu30 7_y, 

such effects may be attributed to the large oxygen 
nonstoicheometry and the resulting changes in 
lattice-parameters. However, oxygen nonstoichio
metry in BaTi03 is too small to interpret the above 
striking result; and therefore further experiments 
and analysis are required. 

Further, the in-plane alignment of these films 
was investigated by x-ray pole-figure analysis. Films 
(g)-(i) and (k)-(m), that exhibit strong [100]/[001 ]
orientation in Figs. 2 and 3, gave similar pole 
patterns. A typical pole figure of BaTi03 (110)/(101) 
reflection is shown in Fig. 4. Sharp spots 
corresponding to [100]- and/or [001 ]-orientation 
were observed at every 90° of fJ angles and the 
positions of these fJ angles were agree with those for 
SrTi03 (110) reflections. This means that the 
BaTi03 thin films have an epitaxial relationship 
with the SrTi03 substrates. 

Finally, Fig. 5 shows SEM photographs of free 
surfaces of films (g) and (h), heat-treated in air at 
750° and 800°C, respectively. Although both films 
exhibited similar XRD patterns as shown in Figs. 
2(g) and 2(h), their surface morphology was slightly 
different. Film (g) heat-treated at 750°C consisted of 
fine grains and the surface was relatively smooth in 
spite of the presence of some pores. Such pores were 
also recognized in the surfaces of the precursor films 
pyrolyzed at 470°C, thus, the pores are considered to 
form during pyrolysis of metal naphthenates. On the 
other hand, grain growth of BaTi03 was observed in 
film (h), heat-treated at 800°C, which consisted of 
round-shaped grains with a diameter about 0.3 ~-tm. 
These surface morphologies of films (g) and (h) 
were similar to typical polycrystalline films prepared 
by metal-organic deposition (12], althougl1 films (g) 
and (h) obviously exhibited epitaxial growth of 
BaTi03 on SrTi03 substrates. Further work is in 
progress to improve the epitaxy and surface 
morphology of BaTi03 films, by optimizing 
pyrolysis and final heat-treatment conditions. 

4. CONCLUSIONS 

Epitaxial BaTi03 thin films were prepared on 
SrTi03 (100) substrates by dipping-pyrolysis process 
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using a mixed solution of barium and titanium 
naphthenates. Crystallinity of BaTi03 thin films 
depends not only on final heat-treatment conditions 
but on pyrolysis conditions, and highly oriented 
BaTi03 thin films were obtained by prefiring 
between 440° and 550°C, followed by final heat 
treatments at 750°C and above in air, or at 700°C 
and higher under low-p(02) environment of 2x10-4 

atm. Pole-figure analysis indicated that BaTi03 thin 
films have an epitaxial relationship with the SrTi03 

substrates. 
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