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Abstract BaTiO; films on base metal foils are of interest
for capacitor applications, but the processing requires reduc-
ing atmospheres that influence the film defect chemistry and
density. In this study, powders dried from barium titanate
solutions and barium titanate films were studied by X-ray
diffraction, differential scanning calorimetry, thermal gravi-
metric analysis, infrared spectroscopy, and spectroscopic el-
lipsometry at various points in the processing. It was found
that atmospheres designed to minimize Ni oxidation delay
decomposition of organics, leading to retained carbonate
phases. Thus, crystallization of the barium titanate occurs via
decomposition of a barium carbonate phase. Retained
organics that are present during high temperature processing
can cause porosity in the films. On annealing at 1000 °C, there
is slightly increase in the refractive index of the film due to
further crystallization and densification. The final refractive
index is comparable to that of 95% dense barium titanate
ceramics. Re-oxidation did not change the refractive index of
the film over the wavelength range from 350 to 650 nm.

Introduction
Approximately 10'>  multilayer ceramic capacitors

(MLCCs) are made annually [1] using tape casting for the
barium titanate and screen printing of the Ni electrodes.
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Over the last several decades, there have been major
advances in optimization of the tape cast slurries and
processes to obtain thinner green sheets [2—4]. At present,
it is not clear what the ultimate lower bound of tape casting
is; thus, investigation of thin film dielectrics prepared by
alternative approaches becomes interesting.

High temperature-stable permittivities have been
reported for chemical solution-deposited BaTiOs-based
thin films on metal foils [1, 5-7]. Recently, Aygun et al. [8]
investigated the relationship between organic extraction
and property development in chemical solution-deposited
BaTiO; films on copper foils. They found that crystalli-
zation was retarded in reducing ambients when compared
to higher Pp, atmospheres. This was associated with the
retention of organic residues. Improved microstructure and
properties were obtained by tailoring the ramp rate on
heating. Aside from that work, there is little information
available on the evolution of the BaTiO;5 crystalline phase
and organic removal at the low oxygen partial pressure
conditions utilized in processing films on base metal foils.
It should be noted that each metal foil requires different
oxygen partial pressures to prevent metal oxidation per the
Ellingham diagram, and so to obtain the best properties.
Therefore, BaTiOj3 films on Ni foils, which are one of the
primary material systems in commercial multilayer cera-
mic capacitors, were investigated in this study. Of partic-
ular concern is the fact that many of these films have not
been formulated to optimize the blocking characteristics of
the grain boundaries toward oxygen transport, as is typi-
cally done in multilayer ceramic capacitors [9]. Moreover,
it is known that residual carbon can introduce very low
local oxygen pressures [10-13], which in turn change the
barrier at the film—electrode interfaces, and so may
decrease the reliability. Thus, this study reports on the
effect of the low temperature processing steps and organic
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removal on the evolution of the film depth profile, struc-
tural evolution, and crystallinity. Of particular interest was
how the solvent system used for the film preparation, the
initial pyrolysis conditions, and the crystallization steps
affected the ultimate film quality. Transmission electron
microscopy characterization of the film microstructure and
interface quality is reported elsewhere [11].

Experimental procedure

In this study, BaTiO; thin films were prepared by chemical
solution deposition, following procedures previously
reported by Ihlefeld and Nagata [1, 6]. The precursors were
batched in a glove box under an Ar atmosphere. First, barium
acetate (99.999%, Sigma-Aldrich) was stirred in glacial
acetic acid at 105 °C for 1 h, or until completely dissolved.
In a separate flask, acetylacetone and titanium isopropoxide
(99.99%, Sigma-Aldrich) were combined. Then, the dis-
solved Ba precursor was poured into the flask-containing Ti.
The mixture of Ba and Ti precursors was allowed to react at
105 °C for 1 h. Two types of solution were then prepared.
For one, methanol was added until a 0.1-M BaTiO5 solution
was obtained and then the solution was stirred at room
temperature until homogenized. Alternatively, 0.2-M
2-methoxyethanol-based BaTiO; solution was prepared by
distilling the reacted Ba and Ti mixture at 105 °C until the
volume of the solution was approximately 10 mL, before
re-diluting the solution to the desired molarity.

Before deposition, high purity Ni foil (25-pm thick,
99.99% Alfa Aesar) was pre-annealed at 900 °C in
approximately 1 x 1077 atm Pp, to remove NiO and
contamination. The BaTiOj; solutions were spin-coated on
the pre-annealed Ni foil at 3000 rpm for 30 s. Typically,
after each deposition, the films were dried at 180 °C for
3 min and then 280 °C for 3 min on hotplates in air. In
other cases, the drying temperature was varied. After every
two spinning/drying steps, the films were heated to 350 °C
for 1 min for further organic removal and then at
600-750 °C for 1 min under flowing N, gas (23 SLPM) in
a rapid thermal annealer (RTA 600, Modular Process
Technology Corp., San Jose, CA). Spinning, drying and
RTA annealing were repeated until the desired number of
layers was obtained. The films were then crystallized at
1000 °C for 1 h'in 5 x 107" atm Pg, in a reducing fur-
nace and then re-oxidized at 600 °C for 30 min in
1 x 107° atm Po,. The heating rate of both steps in the
reducing furnace was 5 °C/min. The Po, was controlled by
a mixture of hydrogen, wet nitrogen (a gaseous mixture of
nitrogen and water vapor) and dry nitrogen, and recorded
monitored via an oxygen sensor in the tube furnace during
heating and cooling.

Thermal gravimetric analysis (TGA) and differential
scanning calorimetry (DSC) on the dried powders were
carried out simultaneously on a TA Instruments SDT 2960
to examine the decomposition behavior of BaTiO3; powders
obtained from a solution. The BaTiO5; solution was air-
dried at 150 °C for 15 h. The powder was then heated to
900-1200 °C at a heating rate of 5 or 10 °C/min in either
air or N, (flow rate set at 100 cc/min). To complement this
study, dried BaTiO3 powders were also calcined at differ-
ent temperatures (500-900 °C) in air for 1 h and the phase
content was identified by X-ray diffraction using a Scintag
V X-ray diffractometer (Scintag Inc., Cupertino CA) with
Cu Ko radiation. Data were collected from 20 to 60° 20
with a step size of 0.02° and a 0.5 s acquisition time per
step. A slow scan with a count time of 5 s per step was also
used when a small amount of some phase, i.e., NiO, was
expected. In order to investigate organic residue with
processing conditions (pyrolysis temperature, pyrolysis
duration, annealing atmospheres) in the films, Fourier
transform infrared spectra were measured using a Nicolet
NEXUS 670 FTIR spectrometer (Thermo Fisher Scientific
Inc., Waltham, MA). Spectroscopic ellipsometry (SE) was
used to determine the thickness, depth profile and optical
constants of BaTiO; films on Ni foils, Si (Nova Electronic
Materials), and sapphire (MTI Corporation) substrates. The
instrument and the data modeling procedures are described
elsewhere [14, 15]. The SE parameters, delta (A) and psi
(W), were collected at wavelengths from 250 to 750 nm
with an increment of 5 nm at an incidence angle of 70°.
Reference data were used for the optical properties where
available. For unknown dielectric materials, a damped
Sellmeier dispersion equation was used to describe the
optical properties of the unknown phase [16, 17].

Results and discussion
Phase and microstructure development

Figure 1 showed X-ray diffraction patterns of a pre-
annealed Ni foil and BaTiO; films RTA’d at different
temperatures under flowing N,. The film RTA’d at 600 °C
shows an extremely low intensity of the BaTiO; 100 and
110 peaks, along with a trace amount of a second phase at a
two-theta of 26.7°. The second phase peak corresponded to
the highest peak of an oxycarbonate (Ba;Ti,05CO3), which
was reported to be an intermediate phase in the crystalli-
zation of perovskite BaTiOz [8, 18-21]. A recent article
suggests that this intermediate phase may, in fact, contain
very little Ti [22]. For the films RTA’d at 650-750 °C, the
“oxycarbonate” phase disappears and slightly higher
intensity BaTiO3 peaks are shown. Since the electron dif-
fraction pattern showed no sign of an amorphous phase
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Fig. 1 XRD patterns of BaTiO; films on high-purity Ni foils RTA’d
at different temperatures

(diffuse ring) [11], the low intensity of the RTA films is
presumably due to the small crystallite size.

These same films were then annealed in a reducing
atmosphere furnace at 1000 °C for 1 h. The XRD patterns
after furnace annealing are shown in Fig. 2. The patterns
for all films correspond to a well-crystallized polycrystal-
line pseudocubic perovskite phase with some degree of
(100) orientation. The high intensity, narrow peaks for the
furnace annealed films are a result of the larger grain size,
compared to those of RTA’d films. The films heat-treated
at 1000 °C possessed a dielectric constant of >1500 and
dielectric loss of <0.03. These data were comparable to
those described by Nagata [1].
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Fig. 2 XRD patterns of furnace annealed BaTiO; films that were
RTA’d at different temperatures
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There were no NiO peaks observed in the X-ray dif-
fraction patterns of any of the RTA’d films. As described
elsewhere [11], a NiO 200 peak was detected in slow scan
X-ray diffraction of all furnace annealed and re-oxidized
films. There is no significant trend in the amount of NiO for
the furnace annealed films as a function of the RTA
temperature.

Scanning electron microscopy was used to investigate
the surface microstructure of furnace-annealed (1000 °C)
BaTiO; films on Ni foils. The films are crack-free and
consist of equiaxed grains with some porosity as shown
Fig. 3. The porosity tends to decrease as the RTA tem-
perature increases. It is believed that in an RTA step with
flowing N,, organic removal is incomplete (see below) and
that porosity is developed when the film is subsequently
furnace annealed. As has been described by Scherrer, in
some solution-deposited films, if crystallization is initiated
before densification is complete, the resulting films can
incorporate porosity [23].

Organic decomposition

In order to improve the density of the films, a series of
experiments was undertaken on the kinetics of organic
removal. Figure 4 shows a comparison of the thermal
analysis results in air and N, for powder-dried from a
methanol-based BaTiOj3 solution. Clearly, the TGA curves
measured in air and N, show complete decomposition
at different temperatures (~750 °C for air flow and
~1000 °C for N, flow). The weight losses at 25-200 °C
and 200400 °C are due to evaporation of the solvent and
absorbed moisture, and pyrolysis of organics, respectively.
The major delay in the rate and amount of weight loss due
to further organic removal for N, when compared to air is
significant at temperatures of 400-600 °C. Figure 5 shows
that powder calcined at 500 °C for 1 h in air consists of
amorphous material along with BaCO; and either
Ba,Ti,O5CO5 or the calcite-like BaCOs. The formation of
the intermediate phases reflected as a strong exothermic
peak in the DSC curve (not shown here) in air, but as a
small and broad peak in N,. These phases have previously
been reported as intermediate phases in BaTiOj crystalli-
zation [8, 18, 20, 21, 24-27]. Upon heating, crystallization
continues (as witnessed by the higher intensity of the
BaTiO5; peaks) and the amount of the second phases
gradually decreases. The oxycarbonate phase and BaCO;
completely disappeared when the powder was calcined in
air at 700 and 900 °C, respectively. It is believed that the
last weight loss is due to decomposition of the carbonate
phase. The DSC curve in N, shows extra peaks at 740 and
935 °C, compared to that in air. Thus, it is believed that the
delay in weight loss is accompanied by slower carbonate
decomposition and thus BaTiO; crystallization.
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RTA’d at <750 °C in N, have residual organics that are
ultimately the origin of the film porosity on subsequent
furnace annealing at 1000 °C, especially as the heating rate
in the RTA (60 °C/s) is much faster than that used in the
thermal analysis experiment (5 or 10 °C/min). Although
the slow heating rate used in the furnace annealing (5 °C/
min) will assist organic removal, the low Po, might retard
the process. The result is consistent with the observation of
residual carbon in furnace-annealed BaTiO5 films [11].
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Fig. 5 XRD patterns of powders calcined in air at different
temperatures

Thermal analysis and XRD patterns of the dried BaTiO;
powder in air showed that the crystallization pathway from
amorphous to perovskite BaTiO5; occurred via a BaCO; or
oxycarbonate (Ba,Ti,OsCOj3) intermediate. In contrast,
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BaTiOj; thin films on Ni foil RTA’d at 600 °C show only a
small amount oxycarbonate as an intermediate phase based
on the XRD patterns shown in Fig. 1. This could be due to
differences in surface area, heating rate, catalysis by the
underlying Ni or substantial differences in the relative
quantities of chemical precursor to furnace volume [8].

In air, the weight losses from powders prepared from
methanol and 2-methoxyethanol solutions were completed
at approximately the same temperature (700-750 °C for
2-methoxyethanol and 800 °C for methanol). In N, the
completed decomposition of the 2-methoxyethanol-based
powders is at 800 °C, which is much lower than that of the
methanol-based powders. Therefore, 2-methoxyethanol-
based solutions may be more suitable for processing in low
Po, conditions.

In order to examine organic residues in films, BaTiO;
films were prepared on Si substrates as function of pyro-
lysis temperature and time. Figure 6a shows FTIR spectra
of BaTiO; films held at different temperatures for 5 min.
For as-spin coated and 120 °C-treated BaTiO; films, peaks
from the O-H bond (3300-3500 cm_l), C-H bond
(2880-3020 cmfl), carboxylate (1560 cmfl), carbonate
(1420 cmfl), Ti—-O bond, and other organic molecular
vibrations (498, 660, 793, 935, and 1034 cmfl) are
observed [28-30]. After pyrolysis in air at 390 °C, the
peaks for the O-H and C-H bonds disappear and the
intensity of the carboxylate peak decreases. Furthermore,
the narrow and sharp carbonate peak at 1420 cm™' changes
to two broad peaks (1440 and 1390 cm™') with lower
intensity. It is difficult to index the peaks because these
absorption bands are broad, but the peaks could be attrib-
uted to the stretching vibrations of a carbonate complex
[30, 31]. For films heated to 750 °C for 10 min in air, there
is no carboxylate peak but carbonate peaks remain in
Fig. 6b. The XRD pattern of a film annealed at 750 °C in
N, atmosphere does not show BaCO;5 peaks, as shown in
Fig. 1, but FTIR spectra of film annealed at 750 °C even in
air indicate that the film contains BaCOs. This is consistent
with the XRD data of dried powders, e.g., the BaCO; peak
was observed up to 800 °C.

Spectroscopic ellipsometry studies

Spectroscopic ellipsometry (SE) has previously been used
to characterize the relative density, oxidation state and
surface roughness of BaTiO; films and ceramics [32-38].
In this study, SE was used to track the evolution of BaTiO5
films at different points during the processing. To avoid
complications in data interpretation due to Ni surface
roughness and Ni oxidation, Si and sapphire substrates
were used for lower heat treatment temperatures. Finally,
BaTiO; films on Ni foil were studied for higher tempera-
ture heat treatments.
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Fig. 6 FTIR spectra of a BaTiO; thin films as-spin coated, and
pyrolyzed at 125, 390, and 500 °C for 5 min, and b FTIR spectra of
BaTiOj; thin film annealed at 750 °C for 10 min in air after pyrolysis

Amorphous-dried BaTiOj films

In this experiment, eight layers of 2-methoxyethanol-based
BaTiO5; solution (0.2 M) were deposited on a freshly
etched Si wafer. Si was chosen for this study due to its
excellent surface smoothness and its stability over this
temperature range. After each layer deposition, the film
was dried at different temperatures (200, 250, 300, 350 °C)
for 5 min.

The best fit model for amorphous films on Si dried at
different temperatures consisted of a bulk film with a thin
layer of surface roughness. The sigma value describing
the goodness of fit decreased from 0.089 to 0.038
with increasing drying temperature. Figure 7 shows the
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Fig. 7 Refractive index of dried amorphous BaTiOj; films (prepared
from a 0.2-M 2-methoxyethanol solution)

Table 1 Total thickness of amorphous BaTiO; films as a function of

drying temperature (prepared from 0.2 M 2-methoxyethanol

solutions)

Pyrolysis 200 250 300 350
temperature (°C)

Total film 5332 + 64 4780 + 89 4080 £+ 26 3642 £ 8

thickness (10\)

measured refractive index of the densest region of each of
the dried films. It can be seen that the refractive index
increases as the films are densified at higher drying tem-
peratures. Accordingly, Table 1 shows that the film thick-
ness collapses from 5332 =+ 64 to 3642 + 8§ A after drying
at 200 to 350 °C, respectively. The result is consistent with
the TGA observation that a substantial fraction of the
organics is lost in this temperature range.

BaTiOj; films on sapphire substrates

2000-A thick thin films were prepared and RTA’d at
750 °C in flowing N,. A SE measurement was performed
after the RTA annealing step (750 °C in N, flow). Then,
SE data from the same film area were measured after the
high temperature step (1000 °C, 10~'° atm Po,) and again
after re-oxidation (600 °C, 107° atm Po,). An ALO;
(0001) single crystal was used as the substrate because it
provides a stable surface which will not complicate SE
modeling. In addition, the Al,O3 single crystal substrate
has a small thermal expansion mismatch with BaTiO; up to
at least 1000 °C, giving crack-free films (7.5 x 107%°C
for Al,O5; and 9.8 x 107%/°C [39] for BaTiO3). The data
were collected using an achromatic compensator to mini-
mize instrumental errors.

There are clear changes in the interference fringes of SE
data after the 1000 °C step; however, no significant change
was observed after re-oxidation. The SE data were modeled
between 375 and 750 nm using A and P, rather than tan'?,
cosA for ¢. This typically enables better fitting of the depth
profiles for all-transparent stacks, as discussed elsewhere
[14].

Initially, modeling was performed with a two-layer
structure consisting of a bulk film with some surface
roughness. The two-layer model resulted in ¢ values that
are unacceptably large (2.24°-3.44°). Much lower sigma
(0.69°-0.81°) and improved fits were achieved when a low
density layer was added at the film/substrate interface.

The optical properties at the three different stages in the
processing are shown in Fig. 8. Obviously, the results after
1000 °C and after re-oxidation show comparable refractive
indices and film depth profiles, suggesting that the re-oxi-
dation step does not change the film substantially. The
optical properties agree well with data for a ceramic
sample with 95% density [40], meaning the film annealed
at 1000 °C is fully crystallized and of reasonably high
density. The RTA’d sample (750 °C) shows a lower
refractive index. It can be seen that there may be some
densification after the furnace annealing, although the
change in thickness is within the 90% confidence limits

3.0 —
i 750°C RTA Anneal
281\ —o— After 1000°C Crystallization
I \‘\ —— After 600°C Reoxidation
2.6 - N —-—-- Ceramic sample
24 -
n -
22
20
1.8
. L . L . L . L .

400 500 600 700 800
Wavelength (nm)

Fig. 8 Refractive index of RTA’d annealed, crystallized, and
re-oxidized BaTiOs; films

Table 2 Total thickness of BaTiOj3 films on (0001) Al,Oj5 after each
annealing

Temperature (°C) Total film thickness (A)

750 (RTA) 2308 + 43
1000 (crystallization) 2261 £ 91
600 (reoxidation) 2259 + 94
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(see Table 2). This suggests that the major increase in
refractive index after furnace annealing may be due to
further crystallization, rather than densification. The
thickness of the surface roughness layer increases from
8334+ 1.8 A (with fixed 50% air) for the RTA’d film to
206 & 16 A (with 32 4 3% air) for the 1000 °C annealed
film. The larger surface roughness of furnace annealed
films is likely to be due to grain growth at high tempera-
ture. The result is consistent with the rough surface
observed in the cross-sectional TEM sample [11].

BaTiO; films on Ni foil

In order to model the BaTiO;/Ni interface, reference
optical properties for the NiO were determined by spec-
troscopic ellipsometry from NiO obtained by heat-treating
a high purity Ni foil at 600 °C in 10~° atm Po, for 1 h. The
resulting optical properties agree well with data for ther-
mally oxidized NiO films from Lopez et al.’s work [41].
Figure 9 shows a comparison of the optical properties of
the thermally grown NiO film on Ni foil from this exper-
iment and a 95% dense BaTiO; ceramic. The primary
difference between the two is in the imaginary part of the
dielectric function.

The depth profiles and optical properties of BaTiO;
films (on Ni foil) RTA’d at different temperatures
(600750 °C) were studied by spectroscopic ellipsometry
(SE). Modeling of SE data was performed using reference
data for Ni substrate and the thermally grown NiO.
A Sellmeier oscillator was used to describe the optical
properties of BaTiO; films. SE data were truncated to
350-650 nm to obtain reasonable models.

12
——BaTiO3 sample
10k —— Thermally grown NiO
8
&
o 6
4
1 " 1 1 1

300 400 500 600 700
Wavelength (nm)

Fig. 9 Dielectric function of the thermally grown NiO and a BaTiO3
ceramic sample

@ Springer

SE data of a BaTiOj3 film on Ni foil RTA’d at 750 °C
was first modeled with various possible film structures,
which at least consist of a bulk layer and surface roughness.
It was found that an interface layer of either (oscilla-
tor 4+ Ni) or pure NiO near the substrate results in good fits
to the experimental data and similar sigma values were
obtained (i.e., 0.081 for mix of oscillator and Ni and 0.078
for pure NiO). It is noted that the BaTiO; film refractive
index extracted from both the models is the same and
comparable to that of a BaTiOj3 ceramic sample. The large
sigma is mainly due to error in the experimental data when
delta is close to 0 and 180°. Fits of delta and psi for the
two-model structures are shown in Fig. 10.

Although the model with a NiO interface shows a
slightly better fit for this specific film, the resulting depth
profile is not realistic. The thickness of the BaTiO; film is
1026.6 + 65.3 A, which is approximately half of the total
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Fig. 10 Model fits of 750 °C RTA’d BaTiOj; film on high-purity Ni
foil
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thickness of the film with the same number of spin-coated
layers (8 layers) on (0001) Al,Os. In addition, the NiO
layer is quite thick (902.9 £ 49 A), which is in disagree-
ment with the fact that XRD did not detect NiO peak on
this same film. As was previously described, the refractive
indices of BaTiO; and NiO are quite similar. Thus, it is
believed that the “NiO” is simply an artifact created by the
model’s attempts to create a slightly more optically lossy
BaTiO; film. A similar situation also occurred on modeling
other RTA’d films. Thus, it is believed that the model
without NiO at the interface is correct for all RTA’d films.

Depth profiles for the best fit models (without NiO) of
BaTiO; films RTA’d at other temperatures modeled show a
reasonable thickness of BaTiO; with a rough interface
between the Ni and the BaTiO;. For example, the total
thickness of the 750 °C RTA’d BaTiO3 is 1984 + 242 A
and at the film substrate/interface film there is a
343 + 106 A thick layer with 9 & 5 vol.% of Ni mixed in
the BaTiOj3 film. The thickness of this layer agrees well
with the rms roughness (37 nm) of the pre-annealed Ni foil,
suggesting that this layer is due, at least in part, to the
surface roughness of the Ni foil. It is noted that the 600 °C
RTA’d film does not show surface roughness on the
BaTiOj, suggesting that the majority of the surface
roughness develops at higher temperatures. In addition, the
best fit without a NiO interface agrees well with the XRD
results and cross-sectional TEM studies on RTA’d films,
which showed no detectable NiO.

Figure 11 and Table 3 show the refractive index and
total thickness, respectively, of BaTiO5 films on Ni RTA’d
at different temperatures. It can be seen that as the RTA
temperature increases, further densification and film crys-
tallization occur, resulting in a higher refractive index for
the BaTiO; film. The film thickness decreases after

3.0
. ——600 °C RTA
’ —o— 650 °C RTA
26l —o—700°C RTA
—%—750°C RTA
—— Ceramic sample
2.4
n 4
2.0}
1.8
1 " 1 " 1

Il L L
400 500 600 700 800
Wavelength (nm)

Fig. 11 Refractive index of RTA’d BaTiOj; films on high-purity Ni
foil

Table 3 Total thickness determined by SE for BaTiOj3 films on high
purity Ni foil as a function of RTA temperature

RTA 600 650 700 750
temperature
(§®)

Total film
tllickness
(A)

2262 4+ 268 2066 + 215 1970 £ 296 1959 + 230

annealing at 600 or 650 °C and becomes stable above
700 °C.

Conclusions

Since high-temperature annealing of BaTiOj; films on base
metal foils is performed at low oxygen partial pressures,
organic decomposition for powders dried from barium
titanate solutions and barium titanate films was studied. It
was shown that complete decomposition of organics in N,
flow is extended to higher temperatures, compared to that
in air. Thus, when fast heating rates are used, as in an RTA
(60 °C/s), residual carbon is expected. The retained
organics can cause porosity development during the high-
temperature annealing. The presence of residual organics
was confirmed in the cross-sectional TEM study [11].

Spectroscopic ellipsometry was used to track the evo-
lution of film thickness, optical properties and film density
as a function of the processing conditions. The decrease in
thickness as a function of drying temperature is consistent
with the weight loss observed in TGA results. The refrac-
tive index of the films increases as the RTA temperature
increases, suggesting further crystallization of barium
titanate and organic decomposition. The furnace-annealed
(1000 °C) films show a refractive index comparable to that
of a 95% dense ceramic.
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