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Microstructural development of thin-film barium strontium
titanate (BaxSr1–xTiO3) as a function of strontium concentra-
tion and thermal treatment were studied, using transmission
electron microscopy (TEM) and X-ray diffractometry (XRD).
Thin films, ;250 nm thick, were spin-coated onto Pt/Ti/
SiO2/Si substrates, using methoxypropoxide alkoxide precur-
sors, and crystallized by heat-treating at 700°C. All films had
the cubic perovskite structure, and their lattice parameters
varied linearly with strontium content. Films with higher
strontium concentrations had a larger average grain size.In
situ TEM heating experiments, combined with differential
thermal analysis/thermogravimetric analysis results, suggest
that the gel films crystallize as an intermediate carbonate
phase, BaxSr1–xTiO2CO3 (with a solid solution range from x 5
1 to x 5 0). Before decomposition at 600°C, this carbonate
phase inhibits the formation of the desired perovskite phase.

I. Introduction

THE trend toward increased storage densities in electronic
devices such as dynamic random access memory (DRAM)

necessitates the use of capacitors with high dielectric constants.1

One potentially suitable material for these applications is Bax-
Sr1–xTiO3. The Curie temperature of BaxSr1–xTiO3 decreases
linearly with increasing amounts of strontium in the BaTiO3

lattice, which enables the ferroelectric/paraelectric transition tem-
perature to be tailored for specific applications by varying the
strontium content. The Curie temperature for bulk Ba0.7Sr0.3TiO3

is ;25°C.
Methods such as laser ablation,2–4 sputtering,5–7 and metallor-

ganic chemical vapor deposition (MOCVD)8 have been used to
deposit BaxSr1–xTiO3 thin films. Wet chemical methods such as
metallorganic deposition (MOD)9,10 and sol–gel11–14 have also
been used to prepare BaxSr1–xTiO3 thin films. The wet chemical
methods have advantages over other thin-film deposition tech-
niques in that better compositional control and better homogeneity
can more easily be achieved. In addition, the process may be more
economical for production, because no high vacuum systems are
needed.

In this work, the effects of variations in the strontium concen-
tration on the microstructure of methoxypropoxide-derived
BaxSr1–xTiO3 films were investigated. The crystallization behavior
of Ba0.5Sr0.5TiO3 was also studied, usingin situ transmission
electron microscopy (TEM) heating experiments to evaluate the
evolution of the thin-film microstructure. The overall goal of this
research is to better understand the role that process parameters,
such as strontium concentration, play in controlling the microstruc-
tural development.

II. Experimental Procedure

Sols for BaxSr1–xTiO3 (x 5 1, 0.75, 0.65, 0.50, 0.25, and 0)
were prepared by refluxing the appropriate amounts of Ba-Ti and
Sr-Ti methoxypropoxide (Gelest, Tullytown, PA) in butanol for
18 h. Butanol and water for hydrolysis (0.5 mol water/mol
alkoxide) were added to bring the sols to a final concentration of
0.25M. Higher concentrations of water caused the sols to precip-
itate within minutes.

Thin films were prepared by spin-coating the sols onto Pt/Ti/
SiO2/Si (100) substrates at 2000 rpm for 1 min. After deposition of
each layer, films were pyrolized at 350°C for 5 min, to burn off
residual organics, followed by a crystallization heat treatment at
700°C for 30 min in flowing oxygen. The films were inserted when
the furnace was at temperature. To build up the film thickness, five
layers were deposited onto each substrate, for a total film thickness
between 230 and 260 nm.

The crystallization of the BaxSr1–xTiO3 films was studied using
glancing-angle thin-film X-ray diffractometry (XRD; Model
D5000, Siemens Aktiengesellschaft, Karlsruhe, Germany), with
incident X rays at an angle of 2° to the film surface. This technique
is most useful for diffraction analysis of thin films with minimal
volume for analysis. CuKa radiation was used. Microstructural
characterization of the films was conducted using an analytical
TEM (Model CM20, Philips Research Laboratories, Eindhoven,
The Netherlands) operated at 200 kV. Conventional dimpling and
ion-milling techniques were used to prepare films for TEM
investigation.

Differential thermal analysis (DTA) and thermogravimetric
analysis (TGA) (Model 2100 Thermal Analysis System, E. I. du
Pont de Nemours & Co., Inc., Wilmington, DE) were used to
determine the thermochemical properties of dried gel powders.
Sols were dried in a vacuum furnace at 100°C and crushed to fine
powder, using a mortar and pestle. DTA and TGA studies were
conducted by heating the dried powders in oxygen, at 10°C/min, to
1000°C.

In situTEM heating experiments were conducted on amorphous
Ba0.5Sr0.5TiO3 thin films. To prepare films forin situ heating, five
layers were spin-coated onto each substrate, with a pyrolysis heat
treatment at 350°C after each layer. Thin TEM foils of pyrolyzed
films were then prepared, using conventional dimpling and ion
milling. The in situ TEM hot-stage experiments were conducted
using a Philips CM30 operated at 300 kV and a single-tilt Gatan
heating holder (Model 628-0500 Hot Stage Power Supply, Gatan,
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Inc., Pleasanton, CA). Samples were initially heated to 300°C in
the microscope and held at this temperature for;5 min, to burn off
water and contaminants. The holder temperature was then raised to
the desired annealing temperature within a couple of minutes. To
minimize electron-beam damage, the beam was kept off the area of
interest except when photographs were being taken.

III. Results

(1) Effects of Strontium Concentration
The XRD patterns of the BaxSr1–xTiO3 films are shown in

Fig. 1.With the exception of the platinum peaks from the substrate,
all other peaks were identified as perovskite BaxSr1–xTiO3 (BST).
Thesed spacings were used to determine the lattice parameter for
each of the compositions (Fig. 2). All compositions were assumed
to be cubic, and no evidence for tetragonality was seen in the
BaTiO3 and Ba0.75Sr0.25TiO3 films. (There was no evidence of
peak splitting in XRD, and no ferroelectric domains were observed
by TEM.) The lattice parameter decreased linearly with increasing
strontium concentration.

Bright-field TEM micrographs and corresponding electron dif-
fraction patterns of films representing each composition after the
700°C heat treatment are shown in Fig. 3. The films were
single-phase, randomly oriented polycrystalline BaxSr1–xTiO3. All
films contained residual porosity. The grain size increased with
increasing strontium concentration, as reflected in the increasing
discontinuity in the diffraction rings using the same selected-area
aperture of 10mm. The average grain sizes for BaxSr1–xTiO3 with
x 5 1, 0.75, 0.65, 0.50, 0.25, and 0 were;40, 50, 60, 70, 110, and
120 nm, respectively. In addition to an increase in grain size, an
increase in the grain-size distribution was seen as the strontium
concentration increased, from 20 to 60 nm for BaTiO3 to 20–
220 nm for SrTiO3. The representative cross sections in the
micrographs of Fig. 4 show that some of the large grains were
located near the film/platinum interface and that some large grains
extended all the way through the thickness of the film.

The DTA and TGA results of BaTiO3, Ba0.5Sr0.5TiO3, and
SrTiO3 dried gels are shown in Fig. 5. All dried gel powders
exhibited a large weight loss at;600°C. The weight loss was
16.9%, 17.5%, and 18.6% for BaTiO3, Ba0.5Sr0.5TiO3, and Sr-
TiO3, respectively. Note that the percent weight loss associated
with this particular decomposition reaction should be equal to the
weight at 600°C (before the decomposition reaction) minus the
weight after the decomposition (when no more weight loss was
observed) and divided by the weight at 600°C. This number is not
the same as the difference in percentages obtained by directly
subtracting the percentages from Fig. 5.

In each of the compositions, the DTA results show a large and
sharp exothermic peak that occurs at a different temperature for
each set of powders. The exothermic peak occurs at;600°C for

BaTiO3, ;425°C for Ba0.5Sr0.5TiO3, and;500°C for SrTiO3. The
gradual weight loss at,600°C and exothermic peaks at temper-
atures below the largest peak result from removal of water,
solvents, and bound organics in the systems. A small exothermic
peak also occurs at;700°C for BaTiO3 and at ;600°C for
Ba0.5Sr0.5TiO3.

(2) In Situ TEM Studies of Ba0.5Sr0.5TiO3

The evolution of the film microstructure for Ba0.5Sr0.5TiO3

during in situ TEM heating at 650°C is shown in Fig. 6. The
micrographs of the cross-section TEM sample and corresponding
electron diffraction patterns indicate that the film was initially
amorphous (Fig. 6(a)). The amorphous film contained porosity
concentrated at the interfaces between each of the film layers. The
film crystallized within 10 min after reaching 650°C. Nucleation
occurred both in the bulk of the gel film and along the film/
platinum interface. The electron diffraction patterns (Figs. 6(b) and
(c)) correspond to Ba0.5Sr0.5TiO3, with no evidence of additional
phases.

Figure 7 shows the evolution of the film microstructure at
575°C in a thin region of the film. (Here, most of the substrate was
sputtered away during ion milling). The (111) oriented polycrys-
talline platinum substrate layer had a rough surface, with rough-
ness on the order of 5–10 nm. Nucleation of Ba0.5Sr0.5TiO3 was
concentrated at the platinum surface, although some concurrent
nucleation was noted within the bulk of the gel film. Holding the
film for longer times at 575°C enhanced crystallization along the
film/platinum interface.

A crystallization time sequence at 575°C, using electron dif-
fraction patterns, is shown in Fig. 8. (The SAD patterns were taken
from a region thicker than that in Fig. 7). Initially, the film was
amorphous, as indicated by the diffuse halo in the diffraction
pattern (Fig. 8(a)). The film crystallized after;2 h at 575°C.
However, in the halo region, a clear diffraction ring developed,
with a d spacing of 3.22 Å, that did not match Ba0.5Sr0.5TiO3

(Fig. 8(c)), while corresponding bright diffraction spots matched
Ba0.5Sr0.5TiO3.

IV. Discussion

(1) Effects of Strontium Concentration
The lattice parameter of BaxSr1–xTiO3 decreased linearly as the

strontium concentration increased, behavior characteristic of a
solid solution. The measured lattice parameters ranged from 4.014 Å
for BaTiO3 to 3.905 Å for SrTiO3, in good agreement with the
lattice parameter values for bulk perovskite BaTiO3 and SrTiO3.
Although both BaTiO3 and Ba0.75Sr0.25TiO3 should be tetragonal
at room temperature, all compositions appeared to be cubic. The

Fig. 1. Glancing-angle thin-film XRD of BaxSr1–xTiO3 films on Pt/Ti/
SiO2/Si (BT 5 BaTiO3, ST 5 SrTiO3, BST ratio5 Ba/Sr).

Fig. 2. Lattice parameter as a function of strontium content for
BaxSr1–xTiO3 films on Pt/Ti/SiO2/Si.
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absence of tetragonality may be attributed to the fine grain size of
the materials and the high volume of grain boundaries in these
nanometer-grain-size films.15,16

The addition of strontium to the BaTiO3 lattice increased the
grain size of the crystallized films. The increasing grain size with
increasing strontium may be attributable to higher grain-growth
rates from the more rapid diffusion of the Sr21 ion, which has a
smaller ionic radius than Ba21. There was also a lowering of the
temperature for the exothermic peaks found by DTA with increas-
ing strontium content and a lower temperature of crystallization for
the perovskite phase observed in thein situ experiments. Crystal-
lization may also be initiated earlier with higher strontium con-
tents, resulting in a larger grain size for the same heat treatment.

SrTiO3 and platinum have a lattice mismatch of only;0.5%, so
increased grain size with increasing strontium concentration may
result from the domination of preferred heterogeneous nucleation
on the polycrystalline platinum. However, Kawanoet al.5 also
observed an increase in grain size with increasing strontium
concentration in the crystallization of free-standing films, suggest-
ing that the increase in grain size may be related more to diffusion
of Sr21 and Ba21 than to substrate effects.

Dielectric measurements of the various BaxSr1–xTiO3 films
revealed no systematic relationship between the strontium concen-
tration and the dielectric constant in this system.17 The highest
measured dielectric constant of 400, for the thin-film composition

Ba0.5Sr0.5TiO3, is about an order of magnitude lower than dielec-
tric constants observed for bulk BaxSr1–xTiO3

18 but consistent with
data for other BaxSr1–xTiO3 thin films of similar thickness.14,19–21

(2) Intermediate Phase Formation for Ba0.5Sr0.5TiO3

A previous in situ TEM study of methoxypropoxide-derived
BaTiO3 thin films revealed that amorphous gel films crystallize via
the formation of an intermediate carbonate phase, believed to be
BaTiO2CO3, which subsequently is transformed to BaTiO3.

22 The
most intense diffraction, as observed in electron diffraction pat-
terns and XRD patterns, occurs at ad spacing of 3.32 Å. (A few
additionald spacings for this phase can be observed but are much
weaker.) The large exotherm of the TGA in Fig. 5 has been
associated with the formation of this intermediate carbonate phase.
The existence of a carbonate phase has been well-established by
Fourier transform infrared spectrometry and Raman spectros-
copy,23,24 but the exact stoichiometry of the intermediate phase
has been more difficult to ascertain.

This reaction,

BaTiO2CO37 BaTiO3 1 CO2 (1)

has a weight loss of 16%, close to the observed weight loss of 17%
shown in Fig. 5(a). The reaction of BaCO3 and TiO2 also has the
same weight loss as the reaction in Eq. (1):

Fig. 3. Bright-field TEM micrographs and corresponding electron diffraction patterns of BaxSr1–xTiO3 films on Pt/Ti/SiO2/Si for x values of (A) 1, (B) 0.75,
(C) 0.65, (D) 0.50, (E) 0.25, and (F) 0.

Fig. 4. Cross-section TEM micrographs of BaxSr1–xTiO3 films on Pt/Ti/SiO2/Si for x values of (A) 1, (B) 0.5, and (C) 0.
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BaCO3 1 TiO27 BaTiO3 1 CO2 (2)

However, thed spacings found in XRD and electron diffraction do
not exactly match BaCO3 or TiO2. Another alternative reaction
that has been proposed,23

Ba2Ti2O5CO37 2BaTiO3 1 CO2 (3)

gives only a 9% weight loss and is not consistent with the observed
weight loss.

In metallorganic-resin-derived SrTiO3, Cho et al.25 observed,
by XRD, an extra diffraction peak atd 5 3.13 Å. This peak could
not be assigned to a strontium titanate compound. They speculated
that it was caused by an intermediate Sr2Ti2O5CO3 phase, because
the observed weight loss of 12.4%, determined by TGA, was close
to the 10.7% calculated for the decomposition of Sr2Ti2O5CO3.
They proposed the following reaction.

Sr2Ti2O5CO37 2SrTiO3 1 CO2 (4)

However, the weight loss in Fig. 6, associated with the decompo-
sition reaction and the formation of SrTiO3, is 18.6%, a number
that matches much better the calculated 19.3% weight loss
associated with the following reaction.

SrTiO2CO37 SrTiO3 1 CO2 (5)

In a similar fashion to Eqs. (1) and (5), the decomposition reaction

Ba0.5Sr0.5TiO2CO37 Ba0.5Sr0.5TiO3 1 3CO2 (6)

has a calculated weight loss of 17.4%, matching well the experi-
mental value of 17.5% obtained from the TGA experiments.

These observations lead to the conclusion that there is a single
intermediate carbonate phase, BaxSr1–xTiO2CO3, which is a solid
solution. If this theory is true, a linear relationship should exist
between the lattice parameter and the strontium concentration of
the intermediate carbonate phase (similar to BaxSr1–xTiO3). This
intermediate phase should haved 5 3.23 Å for Ba0.5Sr0.5TiO2CO3

(halfway between the 3.32 Å of the barium titanium carbonate
phase and the 3.13 Å of the strontium titanium carbonate phase).
This calculation ofd 5 3.23 Å does, indeed, match closely the
non-perovskite ring atd 5 3.22 Å that was observed duringin situ
TEM heating at 575°C (Fig. 8) of a 50/50 Ba/Sr film.

These results indicate that, although the barium and strontium
may be closely associated for these alkoxide solutions, unfortu-
nately, so are the organic groups that remain in the film after
low-temperature pyrolysis. These residual, bound organic groups
may react with the Ba/Sr and titanium to form the undesirable
carbonate phase. Crystallization of the perovskite phase is then
prevented until this carbonate phase decomposes at 600°C.
At .600°C, random nucleation of the perovskite phase in the
bulk of the film is promoted by the high driving force for
nucleation and crystallization, resulting in a relatively fine-grained
microstructure.

In the examples presented here, the films are fully converted to
the carbonate phase before the formation of the perovskite phase,
and the decomposition reaction apparently goes nearly to comple-
tion, because the calculated weight losses for 100% decomposition
closely match the observed weight losses. Other researchers23,25

have found lower weight losses associated with the decomposition
reaction than those reported here. One possibility for the difference
is that the proportional release of CO2 would be lower than that for
complete combustion if the decomposition reaction were not
complete. Another alternative is that specific processing routes can
reduce the amount of the intermediate carbonate compound
formed, giving a smaller weight loss on decomposition of the
carbonate than if the entire material were carbonate. If condensa-
tion reactions are promoted, which form more oxy bridges, then
the residual, bound organic concentration will be reduced. This
latter argument is supported by the fact that the proposed reactions
of Eqs. (3) and (4) can be rewritten as

BaTiO3 1 BaTiO2CO37 2BaTiO3 1 CO2 (7)

and

SrTiO3 1 SrTiO2CO37 2SrTiO3 1 CO2 (8)

which are similar to Eq. (1), with excess barium or strontium and
oxygen that has not reacted to form the intermediate carbonate
phase. This reaction would presumably occur if the carbon in the
sample were insufficient to fully crystallize the material as the
intermediate carbonate phase.

(3) Grain-Size Distribution
The large grain-size distribution in the crystallized

Ba0.5Sr0.5TiO3 thin film (Fig. 3(d)), with grains as small as 20 nm
and as large as 120 nm, has also been observed by others in
solution-derived BaxSr1–xTiO3.

13,26 Because the lattice mismatch
between platinum and BaxSr1–xTiO3 decreases as the strontium
content increases, from;3% for cubic BaTiO3 to ;0.5% for
SrTiO3, one explanation for the larger grain-size distribution might
be competing processes between oriented growth on the platinum
layer, resulting in larger grains, and nucleation in the bulk of the
gel film. Sedlaret al.13 have noted that larger grains form near the
platinum/film interface in films subjected to multiple rapid thermal
annealing (RTA) heat treatments, because of extended processing

Fig. 5. DTA/TGA of dried methoxypropoxide/butanol gel powders: (A)
Ba-Ti, (B) Ba(0.5)-Sr(0.5)-Ti, and (C) Sr-Ti.
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times in the layers near the interface. Some evidence can be seen
for this in Fig. 4(c), with some large grains growing from the
platinum substrate through the thickness of the film for the SrTiO3

film. The nucleation of large grains of Ba0.5Sr0.5TiO3 at the
film/platinum interface is also evident in Fig. 7, even though all
layers of thein situsample of Fig. 7 were heated for the same time.

V. Conclusions

A linear relationship exists between the lattice parameter and
strontium concentration for these BaxSr1–xTiO3 thin films, which

form a complete solid solution fromx 5 1 to x 5 0. There is
evidence for some enhanced nucleation of BaxSr1–xTiO3 at the
film/platinum interface with increasing strontium concentration
and closer lattice matching. The grain size increases as the
strontium content increases for these sol–gel-derived BaxSr1–xTiO3

thin films, a result attributable to the more rapid diffusion of
strontium ions, compared with that of barium ions. The average
grain sizes for BaxSr1–xTiO3 with x 5 1, 0.75, 0.65, 0.50, 0.25, and
0 are;40, 50, 60, 70, 110, and 120 nm. An intermediate phase of
BaxSr1–xTiO2CO3, also a solid solution fromx 5 1 tox 5 0, forms
before the perovskite BaxSr1–xTiO3 and decomposes at 600°C. The

Fig. 6. Cross-section TEM micrographs of Ba0.5Sr0.5TiO3 film on Pt/Ti/SiO2/Si after in situ TEM heating at 650°C for (A) 0, (B) 10, and (C) 30 min.

Fig. 7. Cross-section TEM micrographs of Ba0.5Sr0.5TiO3 film on Pt/Ti/SiO2/Si after in situ TEM heating at 575°C for (A) 1, (B) 2, (C) 3, and (D) 5 h.
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formation of this carbonate phase inhibits the crystallization of the
perovskite BaxSr1–xTiO3 at ,600°C, above which temperature
there is a high driving force for random nucleation and crystalli-
zation in the bulk. The present results suggest that, although it may
be possible to use compositional modifications to tailor the
thin-film microstructure, the detrimental presence of an interme-
diate carbonate phase may dominate microstructural development
for this sol–gel process and hinder optimization of desired dielec-
tric properties.
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