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In-Situ Transmission Electron Microscopy Crystallization Studies of
Sol-Gel-Derived Barium Titanate Thin Films
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Barium titanate (BaTiO ;) thin films that were derived from
methoxypropoxide precursors were deposited onto (100) Si,
Pt/Ti/SiO,/(100) Si, and molecular-beam-epitaxy-grown
(MBE-grown) (100) BaTiO5 on (100) Si substrates by spin
coating. The crystallization behavior of the amorphous-gel
films was characterized usingin-situ transmission electron
microscopy heating experiments, glancing-angle X-ray dif-
fraction, and differential thermal analysis/thermogravi-
metric analysis. Amorphous-gel films crystallized at a tem-
perature of [(500°C to an intermediate nanoscale (5—10 nm)
barium titanium carbonate phase, presumably
BaTiO,COg, that subsequently transformed to nanocrys-
talline (20—60 nm) BaTiO,. Random nucleation in the bulk
of the gel film was observed on all substrates. In addition,
oriented growth of BaTiO; was concurrently observed on
MBE-grown BaTiO ; on (100) Si. High-temperature decom-
position of the intermediate carbonate phase contributed to
nanometer-scale residual porosity in the films. High con-
centrations of water of hydrolysis inhibited the formation
of the intermediate carbonate phase; however, these sols
precipitated and were not suitable for spin coating.

I. Introduction

BARIUM TITANATE (BaTiO;) is an attractive material for
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of <70 nm have been commonly observed in polycrystalline
BaTiO; thin films.4:9:15.22-25The predominantly reported crys-

tal structure of BaTiQthin films with nanometer-sized grains

is the cubic perovskite structure at room temperature, rather
than the equilibrium ferroelectric tetragonal structif€.The
electrical properties of bulk BaTiCare known to be dependent

on the grain size, with a decreasing dielectric constant with
decreasing grain size below a critical vaRfdf similar behav-

ior is assumed for thin films, films with nanometer-sized grains
may not have optimal dielectric properties. Evidence for a
grain-size dependence on the dielectric properties has been
observed in sol-gel? and MOD-derived® BaTiO; thin films,
where the value of the dielectric constant decreased as the grain
size decreased. Consequently, a better understanding of the
nucleation and grain-growth behavior of these films should aid
in improving film microstructure and properties.

Interfacial reactions between the film and substrate materials
is another concern when growing BaTithin films. This in-
terface can have a detrimental effect on the properties of the
thin-film/substrate material, such as a decrease in dielectric
constant due to the formation of low-dielectric material at the
interface® As a result, it is critical to be able to control the
reactions that occur at the interface, to optimize the electrical
performance of the material.

In this work, the crystallization of sol-gel-derived BaTiO

applications such as multilayer capacitors, pyroelectric thin films on various substrates was studied, to characterize the

detectors, ferroelectric memory, and positive temperature co- crystallization sequence, the interface between the film and
efficient (PTC) sensors. In thin-film form, the material has the substrate, and the role that the lattice-parameter match of the
potential to be integrated directly into microelectronic de- substrate might have in influencing nucleation. The primary
vices. BaTiQ thin films have been fabricated using various tool that was used in this investigation was transmission elec-
methods, including metal-organic chemical vapor deposition tron microscopy (TEM), which includeéh-situ heating that
(MOCVD),*®radio-frequency (rf) sputteringy;® evaporatior, allowed the crystallization behavior of amorphous-gel films to
molecular beam epitaxy (MBE)and laser ablatioPr:1* Wet be observed directly.
chemical methods, such as sol-get®and metal-organic de-
composition (MOD)}°-21also have been successfully used in I
the preparation of BaTiQthin films. One of the biggest ad- '
vantages wet chemical methods have over other deposition The sol was prepared by dissolving a commercially available
techniques is that the experimental setup that is required is Ba-Ti methoxypropoxide (Gelest, Tullytown, PA) in methoxy-
relatively inexpensive, because no high-vacuum system is propanol in a dry-nitrogen glove box and refluxing the solution
needed. The wet chemical methods also offer the potential for for (112 h. This alkoxide precursor is significantly less of a
improved compositional control and homogeneity. health hazard than the more-commonly used methoxyethoxide
Relatively fine-grained microstructures with grain diameters precursors. The final sol concentration was 026f Ba-Ti,
with no deliberately added water of hydrolysis. Some water of
hydrolysis was inadvertently introduced during film prepara-
tion from moisture in the air. When higher water concentra-
tions were intentionally used (>1 mol water/mol alkoxide),
precipitates formed within minutes in the sols that had been
refluxed; therefore, films could not easily be fabricated.
- Thin films were fabricated on (100) Si, sputter-deposited
Manuscript No. 191410. Rgceived November 4, 1996; approved March 28, 1997. Pt/Ti/Si0O,/(100) Si, and MBE-grown BaTig)on (100) Si sub-
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were given a pyrolysis heat treatment on a hot plate at 350°C
for 5 min to remove residual organics. Five layers were depos-
ited onto each substrate, for a total film thicknes$800 nm.
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Fig. 1. Cross-sectional bright-field TEM micrograph and corre-
sponding electron diffraction pattern (inset) of amorphous pyrolyzed
Ba-Ti methoxypropoxide gel film on (100) Si. Arrows indicate oxi-
dized silicon interfacial layer.

Pyrolyzed films were either crystallized by annealing at 750°C
for 1 h in anoxygen atmosphere or made directly into thin foils
for in-situ TEM studies.

The crystallization behavior of the heat-treated films was
studied using glancing-angle X-ray diffraction (XRD) (Model &
D5000 Diffractometer, Siemens, Karlsruhe, Germany), with "~
incident rays at an angle of 2° to the film surface. Microstruc-
tural characterization of the crystalline BaLi@ms was per-
formed using an analytical TEM microscope (Model CM20,
Philips, Eindhoven, The Netherlands) at a voltage of 200 kV.
Samples were prepared for TEM using conventional dimpling
and ion-milling procedures.

For thein-situ TEM studies, thin TEM foils of pyrolyzed
films were prepared by dimpling and ion milling. Planar-view
and cross-sectional samples both were made.iftsiu hot-
stage experiments were conducted using an instrument (Modelr
CM30, Philips) that was operated at 300 kV and a single-tilt |
heating holder (Model 628, Gatan, Pleasanton, CA). The |
samples were initially heated to 300°C in the microscope and
held at this temperature forb min to burn off water and  Fig. 2. Crystallized BaTiQ on (100) Si ((A) planar view (with cor-
contaminants. Following this, the samples were heated to theresponding electron diffraction pattern in inset) and (B) higher mag-
desired temperature within a couple of minutes. The accuracynlflcatlon of film showing presence of twins in some grains, as indi-
of the temperature measurement was dependent on the thermdjated by arrows).
contact between the sample and the stage, and it is estimated
that these experiments may have had temperature deviations of
up to 100°C lower than the measured temperatures. Prior XRD .
studies indicated that films that were heat treated in a vacuum ] ) ) o
furnace formed BaTiQat the same temperatures as films that (1) Analysis of Ex-situ Crystallized BaTiQFilms
were heat treated in air; therefore, it was assumed that the A TEM micrograph of a cross section of the pyrolyzed gel
vacuum of the microscope should not inhibit crystallization. film on (100) Si is shown in Fig. 1. All TEM images are
The in-situ experiments may not be fully representative of bright-field images, using the transmitted beam to form the
normal processing conditions, because of the extremely low image, unless otherwise noted. The diffuse halo in the inset
partial pressure of oxygen in the microscope. (However, the electron diffraction pattern indicates that the film is amor-
authors note that the microstructures of samples that were anphous. Each of the five layers 560 nm thick and contains
nealed in and outside the TEM microscope were strikingly residual porosity. The nonuniformity of the top layer is due to
similar.) Regions to be photographed were removed from the ion milling during TEM sample preparation. A distinct, thin
electron beam whenever possible, to minimize dose-related ef-amorphous layer with a thickness of 5-10 nm is present along
fects from the 300 keV electrons. the interface between the substrate and the film. This layer,

Thermochemical properties of dried-gel powders were de- with lower electron scattering, has been analyzed by Auger
termined using differential thermal analysis (DTA) and ther- depth profiling and is associated with oxidized silicon.
mogravimetric analysis (TGA) (Model 2100 Thermal Analysis Figure 2(A) shows a TEM micrograph of a planar-view
System, duPont, Wilmington, DE). Sols were dried in a sample and the corresponding electron diffraction pattern of a
vacuum furnace at 100°C and gently crushed to fine powder BaTiO; film that has been deposited on (100) Si and heat
using a mortar and pestle. The dried powders were heated in airtreated at 750°C fol h in oxygenex situ.The film consists of
to 1000°C at a ramp rate of 10°C/min. randomly oriented equiaxed grains that are 20—60 nm in diam-

Results
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Fig. 3. Cross-sectional TEM micrograph of crystallized BaJim (B)
on (100) Si; heat treatment of 750°Crfb h has been applied. Arrows
indicate oxidized silicon interfacial layer; a residual amorphous region
in the film can be observed near the oxidized silicon layer.
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Fig. 4. Glancing-angle thin-film XRD pattern of BaTiQOfilm on
(100) Si.

200 nm

—_ 100
) L
E
8 90 Fig. 6. Cross-sectional TEM micrographs of BaTi@m on (100)
Si afterin-situ TEM heating at 750°C for (A) 0.5, (B) 5, and (C) 8 h.
54 § Arrows indicate same region of film.
= —
S
5‘5 | A cross-sectional TEM micrograph (Fig. 3) of the heat-
treated film on (100) Si again shows an amorphous layer along
2, 70 the film/substrate interface. Despite the heat treatment at 750°C
g for 1 h, the thickness of the oxidized silicon layer did not
-3} . aps . .
[ change significantly and remained <10 nm. The film was poly-
-0.4 L L L : 60 crystalline, except for the regions near the substrate. Regions of
0 200 400 600 800 1000 the film up to 20-40 nm away from the interface were amor-
T ¢ oC phous. There was significant inward diffusion of silicon in
emperature (°C) these regions, as determined by Auger electron spectroscopy

) ) ) ) (AES) and nanoprobe energy-dispersive X-ray spectroscopy
Fig. 5. DTA/TGA of Ba-Ti methoxypropoxide dried-gel powders.  (EDS) studies. Compositional analyses and electron diffraction
suggest that this is an amorphous barium titanium silicate
phase.
eter. No ferroelectric domains are observed. Twins are ob- The XRD pattern of the BaTiQfilm in Figs. 2 and 3 is
served in some grains (Fig. 2(B)). The film also contains re- shown in Fig. 4. All the diffraction peaks correspond to
sidual porosity, with a pore size on the order of the grain size. BaTiO;. Unlike the electron diffraction pattern in Fig. 2(A), the
The electron diffraction pattern is consistent with perovskite XRD pattern does not show any evidence of any second
BaTiO;, with trace amounts of a second phasé-apacings of phases; therefore, the second phase that is found by TEM dif-
3.32 and 2.61 A. fraction must be present in trace amounts. No peak splitting is
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(A)

Fig. 7. Electron diffraction patterns of BaTiCfilm on (100) Si afterin-situ TEM heating at 750°C for (A) 0 min, (B) 10 min, (C) 20 min, (D)
2.5 h, (E)A2.5 h + 0.5 h at 800°C, and (F)52h + 1 h at800°C. Arrow indicates diffraction ring due to intermediate phase at
d=332A.

observed between the (101) and (110) or higher-order planes, Figure 7 shows a crystallization time sequence of the film at
although with such a fine grain size, this would be difficult to 750°C usingin-situ TEM diffraction patterns with a selected
identify clearly. This observation, in addition to the absence of area of several micrometers. The film begins amorphous (Fig.
ferroelectric domain images by TEM, suggests that the material 7(A)) and starts to crystallize after 10 min (Fig. 7(B)) and, after
may not be ferroelectric and tetragonal but rather primarily 20 min at 750°C, clearly shows polycrystalline diffraction rings
cubic. (Thin-film samples also did not show ferroelectric hys- of BaTiO; (Fig. 7(C)). However, initial crystallization at 10
terisis loops of applied field versus polarization when measured min shows a bright diffraction ring ai = 3.32 A, which
for ferroelectric behavior.) cannot be due to BaTiQAt longer times (and a higher tem-
Figure 5 shows the DTA and TGA results of the dried-gel perature of 800°C, to enhance diffusion and accelerate the re-
powders. The endothermic and exothermic peaks and gradualaction), the intensity of this ring due to the intermediate phase
weight loss at temperatures <600°C are due to the removal ofdecreases and the BaTjdiffraction rings become less con-
organics in the system. There is a large exothermic reaction attinuous, which indicates grain growth of BaTiCrinally, in
[620°C, as indicated by the large peak in the DTA plot. As Fig. 7(F), the film is polycrystalline BaTiQwith only traces of
shown by TGA, this reaction is associated with a weight loss of the second phase. (Note that the temperatures that are given
16%, which is indicative of a decomposition reaction. There here are only approximate, because the exact temperature of
also is a small exothermic peak with no associated weight lossany particular region of the film is not measured—only the

at [(0735°C. temperature of the heating sample holder.)
) o Films were deposited onto (100) Si with a platinum barrier
(2) In-Situ Characterization layer, to avoid forming the residual amorphous-silicon-rich

The evolution of the film microstructure at 750°C using layer in the BaTiQ film. A pyrolyzed gel film on Pt/Ti/SiQ/
in-situ TEM is shown in Fig. 6. Cross-sectional TEM micro- (100) Si is shown in Fig. 8. The gel film was amorphous and
graphs of the film on (100) Si show that the film has begun to had a uniform thickness df300 nm. The (111) oriented poly-
crystallize after 30 min at 750°C (Fig. 6(A)). The highest con- crystalline platinum layer had a rough surface, as did the tita-
centration of nucleating sites was noted at the free surface ofnium layer, with a roughness on the order of 5-10 nm. The
the film and at the interfaces between each of the five depositedmicrostructural evolution of the film on platinum durimgsitu
layers. Crystallization was further enhanced with time; how- heating at 700°C is shown in Fig. 9. The lower temperature of
ever, even afte8 h at 750°C (Fig. 6(C)), the film was not  700°C was selected to capture the crystallization events on film
entirely crystalline. The film region near the substrate remained more easily. Similar to the gel film on (100) Si, the film first
amorphous. This region had a thicknessB0-40 nm, which crystallized to an intermediate phase and then transformed to
is similar to theex-situheat-treated film (Fig. 3). The inward  BaTiO; with trace amounts of the second phase. However,
diffusion of silicon may have a similar role here, with the rather than the nucleation occurring randomly in the bulk of the
subsequent stabilization of an amorphous phase. gel film, nucleation was concentrated near the film/platinum
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(A)

Fig. 8. Cross-sectional TEM micrograph of amorphous pyrolyzed
Ba-Ti methoxypropoxide gel film on Pt/Ti/SiZ(100) Si; the corre- (B)
sponding electron diffraction pattern is shown in the inset.

interface. Radiation damage prevented complete crystallization
of the gel film for this sample. (There also was damage to the
substrate layers, with holes forming in the platinum and deg-
radation of the uniformity of the titanium layer.)

A sol—gel film was deposited onto MBE-grown BaTLiOn
(100) Si, to provide an ideal template for nucleating BaJiO
and to inhibit the formation of the intermediate phase. Figure
10 shows a cross section of the heterostructure and the corre-
sponding electron diffraction patterns for the different layers
with a pyrolyzed gel film. In Fig. 10(A), the MBE-grown
BaTiO; is shown to be very dense and has a uniform thickness
of (1100 nm, on the scale that was observed by TEM. In the
diffraction patterns, the gel film also is shown to be amorphous
(Fig. 10(C)) and the BaTiQis (100) oriented with the (100) Si
(Fig. 10(F)).

The gel film remained amorphous at temperatures <600°C.
Figure 11 shows the film after 25 min at 600°C, where the gel
film has begun to crystallize to the intermediate phase. There is
no nucleation observed along the interface. The intermediate (C)
phase, as indicated by the white spots in the dark-field micro-
graph, has a grain size of 5-10 nm and is randomly distributed
throughout the film. The same type of crystallization behavior
is observed in a gel film that has been heated to 650°C for 20
min.

Figure 12 shows thim-situ TEM results for the film that was
held at 700°C for 0.5, 1, and 1.5 h. At this temperature, there
was evidence of oriented BaTi@rowing on the MBE-grown
BaTiO;. However, concurrent random nucleation of BaJi®
the bulk of the gel film also was observed.

Figure 13 shows the film on MBE-grown BaTi@fter hold-
ing for 5.5 h at 700°C. Even after holding for long times, the
diffraction pattern shows some polycrystalline randomly ori-
ented BaTiQ, in addition to the oriented BaTiOnear the
interface.

200 nm
I

IV. Discussion

The nanocrystalll_ne (2(.)_60 nm) af?d nanoporous microstruc- Fig. 9. Cross-sectional TEM micrographs of BaTi@m on Pt/Ti/
ture of these films is typical for BaTiffilms that have been  gig,/(100) Si afterin-situ TEM heating at 700°C for (A) 20 min, (B)
prepared using methoxypropoxide-based $bI3his micro- 1 h, and (C) 2 h. Note the increased nucleation density near the film/
structure has been observed to form in this system relatively platinum interface, compared to that of the film on silicon (Fig. 6).
independent of variations in processing parameters such as
water of hydrolysis (foh < 2, whereh is the number of moles
of water per mole of alkoxide), heat treatment, or type of sub- nanocrystalline microstructure, with a grain size of 25-50 nm,
strate?* A similar microstructure also has been observed in was observed by Xet al.'® using a methoxyethoxide-based
films that have been prepared using an ethoxide-based solsol. Kumar and Messirf§ observed grains <60 nm in size in a
with diethylamine and acetylacetone additi?@sA similar Pechini-process-derived BaTidlim, where the precursor that



November 1997 In-SItTEM Crystallization Studies of Sol-Gel-Derived BaJithin Films 2833

Fig. 10. Cross-sectional TEM micrographs ((A) bright field and (B) dark field, using the (110) MBE-grown Ba€i@ction and the (131Si
reflection) and corresponding electron diffraction patterns of amorphous pyrolyzed Bg&i@m on (100) BaTiQ/(100) Si ((C) gel film, (D)
(100) BaTiQ,, (E) (100) Si, and (F) BaTiQand (100) Si).

was used was BaCCthat had been dissolved in a titanium The formation and decomposition of this intermediate phase
solution that consisted of tetraisopropyl titanate, ethylene gly- can be observed in the DTA/TGA results of methoxypropox-
col, and citric acid. ide-derived BaTiQ powders (Fig. 5). The large exothermic
A key to understanding the fine-grained microstructure of peak at 620°C is consistent with the temperature at which
these materials lies in understanding their nucleation behavior. crystallization of the intermediate phase is first observed by

There is debate over the crystallization path of Bagfikat is in-situ TEM. A lower temperature of crystallization of the in-
derived from wet chemical methods. One possibility is that termediate phase for the-situ experiments may be due to the
BaTiO; forms via a solid-state reaction between BaGdd crystallization of films rather than dried-gel powders. The

anatase TiQ this has been suggested for neodecanoate- weight loss that is associated with the exothermic peak indi-
based® and acetate-bas&tprecursors, where the reaction cates that this phase is unstable at these temperatures, because
temperatures were in the range of 600°-650°C. Another pos-it decomposes almost immediately after it forms; this also is
sibility is the formation of BaTiQ via the crystallization and indicated by TEM, because the intensity of the diffraction ring
transformation of an intermediate oxycarbonate phase. Thisat 3.32 A decreases as the diffraction rings for Bajli@rease
type of reaction has been observed for powders that have beern intensity when samples are held at a temperature of 700°C.
formed using oxalate¥, citrates$? metal—organic resif and The theoretical weight loss for the transformation of
methoxyethoxid& precursors. Ba,Ti,0sCO; to BaTiO; is 8.6%. This weight loss (in the

In this work, the amorphous gel film crystallized at a tem- temperature range of 600°-700°C) was measured in experi-
perature of 500°C (Fig. 11). At the onset of crystallization, the ments by Kumaret al33 in metal-organic-resin-derived
most-intense electron diffraction ring haddsspacing of 3.32 BaTiO;. However, Frey and Payffeobserved a weight loss of
A. This d-spacing does not match BaTj(BaCQ,, or anatase [15% in the temperature range of 600°-700°C in a methoxy-
TiO,, although the 100% intensity peak of rutile Tibas a ethoxide-based sol. Both research groups observed similar
d-spacing of 3.25 A% and was considered to be a possible XRD peaks of dried powders for the intermediate phase and
intermediate phas®. Barium silicate (which is isostructural attributed them to BAi,0:CO;. However, the weight loss of
with barium strontium silicate, BaSr&)s3¢) was another pos-  [20% that is associated with the exothermic reaction in the
sibility that was considere# however, the intermediate phase DTA/TGA data in Fig. 5 is more consistent with the decom-
formed even in the absence of silicon. Tdispacing also does  position of BaTiQCO; (calculated to be 16%). (Note that this

not match other barium titanium oxides, such as,B@,, is the same weight loss that would be present for a solid-state
BaTi,Os, BaTi;O,, or BaTi,O,, that have been observed in reaction between BaC{and TiO, to form BaTiO;; however,
BaTiO; that has been derived from ethoxide precurdérs. becaused-spacings that matched Bag©r TiO, were never

However, the most-intense diffraction ring at 3.32 A and a observed duringn-situ TEM heating, the crystallization of
less-intense ring at 2.62 A from the selected-area diffraction BaTiO; is believed to be via the transformation of an interme-
patterns ar@l-spacings that are consistent with those that were diate BaTiQCO; phase.)

observed by Kumaet al33 and Frey and Payféin XRD There is a large driving force for the nucleation of the in-
analysis of dried powders from the Pechini process and me-termediate carbonate phase. Some preferential nucleation and
thoxyethoxide sols. Based on DTA/TGA results, Raman spec- growth of BaTiQ, has been observed at the platinum/gel inter-
troscopy, and Fourier transform infrared spectroscopy, theseface, because of the close lattice mattB%) between plati-
researchers have suggested that this phase is a carbonate withum and cubic BaTiQ however, a high degree of random

a stoichiometry that is close to BE,0sC0;.31:3334The lim- nucleation in the bulk of these films also has occurred (Fig. 9).
ited diffraction information that is available (twd-spacings) Even when the sols are spun coated onto BgTsGbstrates,
precludes crystal structure analysis of this phase. homogeneous nucleation of the carbonate phase is observed in
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(A)

200 nm
——

200 nm
]

(C)

Fig. 11. Cross-sectional TEM micrographs ((A) bright field and (B)
dark field, using the diffuse ring in the diffraction pattern) and corre-
sponding electron diffraction patterns of sol-gel BaJ gl film on
BaTiO4/(100) Si afterin-situ TEM heating at 600°C for 25 min ((C)
gel film and (D) gel film, BaTiQ, and (100) Si), showing nucleation
of the intermediate phase with= 3.32 A (indicated by the arrow).

the bulk of the gel film, which competes with nucleation of

BaTiO; at the interface and oriented growth (Fig. 12). The high Fig. 12. Cross-sectional TEM micrographs of sol-gel BaJim

nucleation density of the intermediate phase, which transforms on BaTi0,/(100) Si aftetin-situ TEM heating at 700°C for (A) 0.5, (B)

to BaTiO;, results in the formation of fine-grained polycrys- 1, and (C) 1.5 h. Note the crystallization of BaTiét the gel/BaTiQ

talline BaTiQ,. Similar microstructures have been observed by interface and in the bulk of the gel film.

the authors forex-situannealed filmg* which indicates that

random nucleation dominates, irrespective of the high surface

area of the TEM samples. porous, amorphous pyrolyzed films (Fig. 1). A rigid gel net-
Rapid formation of BaTiQ grains also may be the cause of work will not flow and densify prior to crystallization.

the twins that have been observed by TEM (Fig. 2(B)). Growth  The dielectric constant of BaTin (100) Si was measured

twins have been observed in other BaJi®in-film micro- to be0 at a frequency of 10 kHz. The properties of the film

structures$:*523 These {111} growth twins also have been are degraded by the presence of the low-dielectric-constant,

found to be due to anomalous grain growth below the eutectic amorphous barium titanium silicate interfacial layer, because

temperature in bulk BaTigQ*” these layers are in series with the BaJifdm. Attempts to
Residual porosity in the crystallized films may be attributed, crystallize the first layer prior to the deposition of subsequent

in part, to organic decomposition at high temperatures. The layers resulted in the formation of polycrystalline B&5i,Og.

DTA/TGA studies of the dried-gel powders indicate that the These interfacial reactions also have been detected in

intermediate phase crystallizes at a temperatufés@d°C and MOCVD-derived and sputteretdBaTiO; films on silicon.

BaTiO; crystallizes at a temperature @735°C (Fig. 5). If Preliminary dielectric measurements of films on platinum-

similar thermochemical properties are assumed for thin films, coated silicon reveal that the intermediate carbonate phase, the

the kinetics of densification may not be fast enough after the porosity, and the fine grain size may have a detrimental effect

high-temperature decomposition of the carbonate intermediateon the properties. The dielectric constant of a Bajliin on

for the film to densify prior to the onset of crystallization. The platinum-coated silicon was measured to [G200 at a fre-

residual porosity also may be a consequence of rigidity in the quency of 10 kHz; this is an order of magnitude lower than that
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Fig. 13. Cross-sectional TEM micrographs ((A) bright field and (B)
dark field, using the same reflections as in Fig. 10(B)) of sol—gel
BaTiO; on BaTiGy/(100) Si aftelin-situ TEM heating at 700°C for 5.5

h, showing some regions of oriented growth on the (100) BgTTB@e
corresponding electron diffraction pattern is shown in the inset in Fig.
13(A).

of bulk BaTiQ; at room temperature, although it is consistent
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and nanoporous, with a grain size of 20—60 nm. The develop-
ment of this microstructure has been studied ugirgitu TEM
heating studies that have revealed that amorphous-gel films
first crystallize to an intermediate phase at a temperature of
[(600°C. It is proposed that this phase is BaJ@®@,. This
intermediate phase decomposes with a large weight loss at high
temperatures and may contribute to the residual porosity in the
films. Fine-grained BaTi@Qseems to be nucleated by the de-
composition of this intermediate phase. Nucleation in the bulk
of the film is omnipresent. Even on lattice-matched substrates,
such as MBE-grown BaTig) randomly oriented crystallization

of BaTiO; in the bulk occurs concurrently with oriented
growth. It is possible to avoid the formation of this deleterious
intermediate carbonate phase by the incorporation of a high
concentration of water of hydrolysis in the sols, and although
immediate precipitation occurs, methods to incorporate this
approach into the formation of thin films are being studied.
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