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The crystallization behavior of chemical-solution-deposited
and amorphous Ba0.7Sr0.3TiO3 (BST) thin films was analyzed
with respect to the evolution of the structural and dielectric
properties of the films as a function of the annealing temper-
ature. The amorphous films were produced by oxygen ion
implantation into crystalline BST thin films. In the amorphous
thin films, the crystallization to the perovskite phase occurred
at T 5 550°C, whereas the as-deposited CSD films showed the
first crystalline XRD-reflex only after annealing at T 5 650°C.
Here a carbon-rich intermediate phase delayed the crystalli-
zation process to higher temperatures.

I. Introduction

ELECTROCERAMIC thin films exhibit an increasing interest due to
their possible integration into the silicon circuit technology.

Nonferroelectric, high-permittivity ceramic thin films of
Ba0.7Sr0.3TiO3 (BST) find potential use in integrated capacitors
and dynamic random access memories (DRAMs).1 The thin films
can be deposited at temperatures compatible to the silicon tech-
nology by a variety of methods, e.g., physical vapor deposition
techniques,2 chemical vapor deposition (MOCVD),3 or chemical
solution deposition (CSD).4,5,6,7CSD is widely used as a relative
easy and flexible technique for the thin film preparation. While the
CSD technique most probably is not suitable for submicrometer
size ultra-large-scale integration (ULSI) as required for future
DRAM generations, integration of decoupling and filter capacitors
remains an attractive issue.8

During several back end process steps like reactive ion etching
(RIE) or the deposition of the metal top electrodes by sputtering,
crystal defects are generated within the ceramic film. The removal
of such defects is very important to enhance the electrical
properties of the fully processed device. Therefore, the elimination
of crystal defects during the recryallization of BST thin films has
been considered in this project.

In the present paper a detailed comparative study of the
evolution of the structural and dielectric properties of (1) CSD-
derived and (2) amorphous BST thin films during crystallization
will be reported.

II. Experimental Procedure

The CSD route applied for this study was the propionate route
because of its flexibility with respect to the choice of the
elements.4 The starting materials were barium propionate

[Ba(CH3CH2COO)2], strontium propionate [Sr(CH3CH2COO)2],
and titanium tetra-n-butoxide (TBT) [Ti(C4H9O)4]. Propionic acid
[CH3CH2COOH] and 1-butanol [CH3(CH2)3OH] were used as
solvents. Additionally the TBT was stabilized against hydrolysis
with acetylacetone (Hacac) in molar ratio of 1:2. The resulting
solution was diluted to achieve a concentration of 1.0M. Hoffman
et al.5 have shown that a diluted precursor favors a dense,
columnar structured growth of the BST thin films. The filtered
BST solutions were deposited on platinized Si wafters (Pt/TiOx/
SiO2/Si) by spin-coating at 4000 rpm for 30 s. The wet coatings
were pyrolyzed on a hot plate at 200°C in air and were subse-
quently annealed in a Rapid Thermal Anneal System (RTA) for 3
min in a 1 bar oxygen atmosphere. The RTA temperature was
varied fromT 5 430°C to 800°C. The spin-coating and heating
procedure was repeated for 16 times to achieve BST films with a
thickness of 130 nm after crystallization.

A set of crystalline BST thin films was prepared atT 5 750°C
as described above, and was subsequently amorphized by adequate
oxygen ion implantation. A total dose ofN(O1) 5 2 3 1016 cm22

and various energies ranging fromE 5 50 keV up to 200 keV were
chosen. During the implantation the samples were held at room
temperature. These samples were annealed in the RTA at temper-
atures ranging fromT 5 500°C up to 800°C for 3 min. After the
first characterization the films were postannealed at the corre-
sponding temperatures in a furnace for 2 h. The structure of the
films was investigated using X-ray diffraction analysis (XRD) in
grazing incidence, and the morphology was studied by scanning
electron microscopy (SEM). Platinum top electrodes with an area
of 1 mm2 were deposited by dc magnetron sputtering through a
shadow mask. The capacitance was measured at a frequency of 10
kHz using a HP 4284A impedance analyzer with a signal of
VRMS 5 30 mV.

III. Results and Discussion

(1) Structural Characterization
The crystalline nature of the films was identified by XRD.

Figure 1(a) shows the XRD pattern of the CSD-derived films for
different annealing temperatures ranging fromT 5 430°C to
700°C. At T 5 430°C no peaks of the crystalline Ba0.7Sr0.3TiO3

phase can be detected; only the wafer peaks are present. The broad
peak at about 2u 5 27° stems from an intermediate phase. Up to
temperatures of aboutT 5 650°C peaks of the intermediate,
nonperovskite phase at 2u values of 27.2° and 35.0° sharpen and
completely disappear atT 5 700°C. This intermediate phase,
which is indicated by C in Fig. 1(a), can be identified as the
alkaline-earth oxocarbonate phase detected for the first time by
Gopalakrishnamurthyet al.9 Hennings et al.10 attributed the
stoichiometry Ba2Ti2O5CO3 to this phase. The present studies
show that this intermediate phase is stable up toT 5 600°–650°C
in the thin films. For the CSD-prepared BST films the single
crystalline perovskite phase is first observed atT 5 650°–700°C
depending on the annealing time.
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In order to study the crystallization behavior of carbon-free
amorphous BST thin films, crystalline BST films which had been
annealed at 750°C were completely amorphized by oxygen ion
implantation. The impact of the implanted oxygen ions causes a
destruction of the crystal structure, which is indicated by the
absence of the perovskite reflexes in the XRD diagram shown in
Fig. 1(b). Because of the very high ionicity (.80%) of the BST
thin films, it is supposed that such material does not form a
network and the amorphous structure is a dense random packaging
of hard spheres (DRPHS model).11 The XRD patterns of the
differently annealed samples are shown in Fig. 1(b). For temper-
atures belowT 5 600°C a broad peak at about 2u 5 27° develops,
which reaches an intensity maximum atT 5 550°C. AtT 5 600°C
this peak decreases, whereas at the same time clear diffraction
patterns of the perovskite structure appear. By postannealing for
2 h the perovskite crystallization temperature can be reduced to
T 5 550°C (inset of Fig. 1(b)).

(2) Dielectric Properties
The permittivity of BST thin films depends strongly on the film

density, the thickness,12 and the grain size.13 As the columnar
microstructure is characterized by grains proceeding through the
whole film thickness it typically results in higher values of the
permittivity than a small grain morphology.5

The aim of the electrical characterization is to relate the
dielectric permittivity to the structural properties of the BST thin
films. Figure 2 shows the permittivity as a function of the

annealing temperature and time of the CSD-derived and recrystal-
lized BST thin films. Samples annealed at a temperature of up to
T 5 650°C show a small permittivity ofεr ' 25, which indicates
the low permittivity of the intermediate phase or the one of the
carbon-rich films, respectively. AboutT 5 700°C, where the
perovskite phase develops, the permittivity increases rapidly. The
dependence of the permittivity values on the annealing tempera-
ture and time follows exactly the crystallization of the perovskite
phase as observed by XRD. This underlines that an annealing
temperature of at leastT 5 650°C is necessary to form the
perovskite structure in the CSD-derived BST thin films within
reasonable times.

Additionally Fig. 2 shows the corresponding permittivities of
the amorphized BST samples annealed for 3 min and 2 h,
respectively. Up to an annealing temperature ofT # 500°C the
permittivity is low (εr ' 25). In the case of the samples annealed
for 3 min a nearly linear increase of the permittivity is observed
with increasing annealing temperature. The 2 h postannealed
samples show a clear step in the permittivity as a function of the
annealing temperature. If the temperature is raised aboveT 5
550°C, the permittivity increases rapidly fromεr 5 25 toεr 5 175.
Further increase of the annealing temperature leads to a small
increase in the permittivity, which is attributed to a slight grain
growth in the BST thin films. At a temperature ofT 5 800°C the
curves of the short-time-annealed and postannealed samples are
nearly identical, which indicates that a complete recrystallization
has occurred atT 5 800°C within 3 min.

In order to confirm the correlation between the observed
crystallization behavior and the dielectric properties found in the
prepared BST thin films, the microstructures of the ceramic thin
films were studied by means of scanning electron microscopy
(SEM). The SEM micrographs of the CSD-derived films, which
were annealed atT $ 700°C, reveal a columnar microstructure
(Fig. 3(a)). Figure 3(b) shows that the oxygen ion implantation
completely amorphized the film. In Fig. 3(c) the microstructure of
a recrystallized film is shown which consists of very fine grains.
The columnar microstructure is no longer present, which indicates
a completely new formation of the microstructure after recrystal-
lization atT 5 700°C.

IV. Conclusions

The crystallization behaviors of CSD-derived and amorphous
BST films have been found to differ significantly. For the CSD
thin films a metastable, carbon-rich intermediate phase delays the
crystallization point to higher temperatures. If the annealing
temperature is raised aboveT 5 700°C, the remaining carbonate is

Fig. 1. XRD pattern of BST thin films prepared at different temperatures:
(a) CSD-derived and (b) recrystallized BST thin films. The insets show the
XRD diagrams of the postannealed samples.

Fig. 2. Permittivity of BST thin films as a function of the annealing
temperature. The experimental data show that the recrystallized samples
never reach the dielectric constant of the CSD-derived thin films. The lines
are guides for the eye.
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eliminated and a columnar microstructure of the films develops
due to layer-by-layer epitaxy. In contrast the BST thin films
recrystallized from an amorphous phase exhibit a very small-
grained microstructure, which probably develops because of ho-
mogeneous nucleation of small nanocrystals in the amorphous thin
film. Because of the low recrystallization temperature of aboutT 5
550°C, which is in the range of only one third of the melting
temperature of BST, long-range mass transport during annealing is
strongly inhibited14 and therefore no significant grain growth can
occur. The crystallization temperature of the BST thin films found
in our investigations is in good agreement with those found by Noh
et al.15 for sputtered BST films on MgO substrates. The metastable
pyrochlore phase identified by Noh is not observed in our films.
The differences in the average grain size of the CSD-derived and
recrystallized thin films are most probably responsible for the
lower permittivity of the recrystallized films in comparison to
CSD-derived ones.

The recrystallization temperature of BST thin films is important
for further process development concerning the integration of BST
thin films into the silicon technology. During several process steps
defects are generated in the BST films due to the impact of
high-energy ions. The amorphized films used in this study may
represent the worst case of a damaged crystal structure that can
occur during the device processing mentioned above. An annealing
step with a recrystallization temperature ofT 5 550°–600°C can
be used mainly to eliminate the produced crystal defects. Unfor-
tunately, the recrystallized BST thin films in our study revealed
inferior electrical properties than the as-deposited films, which is
attributed to the fine-grained microstructure. Therefore, process
steps following BST thin film deposition have to be applied
carefully with respect to the induced crystal damage.
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Fig. 3. SEM micrographs of BST thin films: (a) BST thin film prepared by CSD atT 5 700°C, (b) amorphized BST thin film by oxygen ion implantation,
(c) recrystallized thin film from the amorphous phase atT 5 750°C.
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