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Accommodation of excess Ti in a „Ba,Sr …TiO3 thin film with 53.4%
Ti grown on Pt/SiO 2/Si by metalorganic chemical-vapor deposition
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The microstructure and chemistry of a Ti-rich~Ba, Sr!TiO3 film with 53.4% Ti deposited on a
Pt/SiO2/Si substrate by metallorganic chemical-vapor deposition was studied using high-resolution
transmission electron microscopy and elemental mapping in electron energy-loss spectroscopy. We
established that the Ti/Ba ratio atall the grain boundaries in this film is significantly higher than that
in the grain interiors. Structural images revealed the presence of disordered amorphous-like regions
at some of the grain boundaries and triple junctions; these regions were tentatively identified as
those having the highest Ti/Ba ratio in the chemical maps. Analysis of the electron energy-loss
near-edge structure for the O–K edge indicated an increased titanium-to-oxygen coordination at the
grain boundaries. No second phase was detected at the~Ba, Sr!TiO3/Pt interface. ©1999
American Institute of Physics.@S0003-6951~99!01735-0#
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Recently, much attention has been focused on the fa
cation of polycrystalline thin films of barium strontium titan
ate Ba12xSrxTiO3.

1–7 This material can offer a high dielec
tric permittivity at a relatively large thickness in dynam
random access memories,6–8 and has properties of intere
for tunable microwave devices.7 Deviation of the~Ba1Sr!/Ti
ratio from the stoichiometric value of unity is reported
have a dramatic effect on the dielectric properties.9 For ex-
ample, the dielectric constant of 40-nm-thick films decrea
by about 60% when the Ti content is increased from 51
53.5 at. %. This effect is even more pronounced for lar
film thicknesses. Despite this dramatic effect of stoichio
etry on the dielectric properties, the mechanism for acco
modating excess Ti in these films has not been determi
In this letter we report preliminary results of an on-goi
study in which both high-resolution transmission electr
microscopy and elemental mapping in electron energy-
spectroscopy are applied to address this issue.

The ~Ba, Sr!TiO3 ~BST! thin film was deposited on a
Pt~100 nm!/SiO2/Si substrate by liquid-delivery metalor
ganic chemical-vapor deposition~MOCVD! at a substrate
temperature of 640 °C.2 Wavelength-dispersive x-ray fluo
rescence spectroscopy measurements gave elemental co
trations of Ba, Sr, and Ti in the film of 33.2060.44, 13.35
60.1, and 53.4560.22 at. %, respectively, and a BST film
thickness of 38.7 nm.

Both planar-view and cross-sectional transmission e
tron microscopy specimens were prepared by conventio
grinding and polishing, followed by dimpling to a thickne
of 30 mm. The specimens were further thinned to perforat
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in a Gatan10 precision ion-polishing system~PIPS! at a volt-
age of 5 kV and an angle of 4.5°. Planar-view specime
were ion thinned from the substrate side only, with the ot
side protected by a thin single-crystal MgO wafer to prev
contamination.

Structural imaging was performed in a JEOL 3010UH
~300 kV! high-resolution transmission electron microscop
A VG-HB501 dedicated scanning transmission electron
croscope~STEM! equipped with a cold field-emission gu
and a Gatan parallel-detection electron energy-loss spect
eter was used for chemical analysis.11 The specimen was
cooled to liquid-nitrogen temperature to prevent contami
tion. Spectrum images (64364 pixels) were recorded by
scanning a focused electron probe of approximately 1.5
diam over an area of about 80 nm380 nm. Spectra in the
energy-loss range from 400 to 800 eV~which includes Ti
L2,3, O–K, and Ba–M4,5 edges!, were acquired at each
point ~pixel!. Specimen drift during the data acquisition w
corrected by using a cross-correlation procedure imp
mented in the Gatan software.12 The spectrum images wer
subsequently processed to remove the background, and m
of both the Ti–L2,3 and BaM4,5 intensity distributions were
obtained by integrating the corresponding edges over an
ergy window of 50 eV.

Electron diffraction from the planar-view and cros
sectional specimens showed that both the Pt and BST fi
were highly textured with thê001&BST and ^111&Pt direc-
tions preferentially aligned parallel to the surface normal.
preferred in-plane orientation relationship between the Pt
BST grains was detected.

Examination of the cross-sectional specimens show
that the BST film was composed of columnar grains@Fig.
9 © 1999 American Institute of Physics
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1~a!# with widths in the range of 10–20 nm, that extend
through the entire film thickness of'39 nm~measured from
the image!. No second phase or amorphous interlayer w
observed at the BST/Pt interface@Fig. 1~b!#, but some of the
BST grain boundaries in the cross-sectional specimen c
tained small ‘‘pockets,’’ 2–3 nm in size, with amorphou
like contrast@arrows, Fig. 1~a!#.

A typical phase contrast image of the planar-view spe
men recorded at low magnification is shown in Fig. 2~a!. All
of the grains in this image are close to the@001# zone-axis
orientation and the grain boundaries are nearly parallel to
beam direction. Most of the grain boundaries show a pro
nent bright contrast as compared to the interior of the gra
Structural images recorded at higher magnification@Fig.
2~b!# revealed the presence of a disordered layer~;1 nm! at
many of these tilt boundaries, while pockets~1–3 nm! with
amorphous-like contrast often were identified at the tri
junctions, consistent with the observations made on
cross-sectional specimens. No other second phase wa
tected in either the cross-sectional or planar-view specim
Structural imaging suggested the presence of three mi
structural components in the film having distinct phase c
trast: ~1! the interior of the grains;~2! well-structured grain
boundaries with no visible amorphous phase; and~3! regions
at some grain boundaries and triple junctions w
amorphous-like contrast@Fig. 2~b!#.

FIG. 1. ~a! Intermediate magnification phase contrast image of the Ti-r
BST film on a Pt/SiO2 /Si substrate~cross-sectional specimen!. A region
with amorphous-like contrast is indicated by arrows.~b! High-magnification
phase contrast image of the BST/Pt interface. Black and white arrows
cate the boundary between two adjacent BST grains and the BST/Pt
face, correspondingly.
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Figure 3 shows representative maps of both the Ti–L2,3

~a! and Ba–M4,5 ~b! intensity distributions obtained from th
planar-view specimen, and the calculated map of the Ti
ratio ~c!. The elemental intensities maps suggest that
boundaries are Ba deficient@Fig. 3~b!#, while only some of
the boundaries have a higher Ti signal as compared to
grain interiors; note that the elemental signals are affected
both diffraction contrast and thickness variations across
analyzed area. The Ti/Ba ratio map@Fig. 3~c!#, wherein all
possible artifacts have been largely eliminated, clearly de
onstrates thatall of the grain boundaries have a significant
higher Ti/Ba ratio than that in the grain interiors. Analysis
this map suggests the presence of three regions with sta
cally different average Ti/Ba ratios:~a! the grain interiors
~dark areas!; ~b! the grain boundaries and regions adjacen

h
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FIG. 2. ~a! Low-magnification phase contrast image of the BST fil
~planar-view specimen!. All grains are close to the@001# orientation.~b!
High-magnification structural image of the same area. Disordered reg
with amorphous-like contrast are observed at some of the grain bound
and triple junctions~labeled ‘‘3’’!. Other grain boundaries are well struc
tured ~labeled ‘‘2’’!.
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them ~dark-gray areas!, which have a moderately highe
Ti/Ba ratio than that of the grain interiors; and~c! regions at
grain boundaries and triple junctions with the highest Ti/
ratio ~light-gray areas!.

The results of the chemical mapping measurements
consistent with the observations made using structural im
ing, assuming that the dark, dark-gray, and light-gray regi
in the Ti/Ba ratio map correspond to the microstructu
components 1, 2, and 3, respectively. Bright contrast at
grain boundaries as observed in the structural images ca
at least partially attributed to a lower mean-atomic dens
due to an increase in the Ti/Ba ratio. These results sug
that excess Ti in this film is accommodated through an
crease in the concentration of Ba vacancies near and a
grain boundaries, consistent with reported observations
bulk material,13 and through the formation of Ti-rich
amorphous-like regions at some of the grain boundaries
triple junctions. Increase in a concentration of Ba vacanc
near the grain boundaries results in a negative space-ch
region, which requires a positively charged grain boundar13

It is not clear from the present data whether this posit
charge at the grain boundary core is produced by an ex
of Ti ions or a combination of both oxygen and barium v
cancies with@VO

..#.@VBa9 # at the boundary, as proposed
Ref. 13.

Comparison of the electron energy-loss near-edge st
ture ~ELNES! for the O–K edge recorded at the grai
boundaries and in the grain interior~Fig. 4! revealed that the
intensity of peakB, associated with as* -type antibonding
interaction between the oxygen and Ti atoms,14 is signifi-
cantly higher in the spectrum from the boundary. The O–K
ELNES recorded from the grain interiors@Fig. 4~a!# is simi-
lar to that reported for the bulk BaTiO3 and SrTiO3, both

FIG. 3. Maps of Ti–L2,3 ~a! and Ba–M 4,5 ~b! intensity distributions ob-
tained using parallel electron energy-loss spectroscopy in STEM.~c! Calcu-
lated map of the Ti/Ba ratio.
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having linear twofold coordination of titanium to oxygen.14

On the other hand, the O–K ELNES recorded from the
boundaries@Figs. 4~a! and 4~c!# resembles that of TiO2 poly-
morphs~rutile, brookite, and anatase! with the threefold co-
ordination of titanium to oxygen.14 This result suggests tha
the coordination number of titanium to oxygen is higher
the boundaries compared to the grain interiors, which may
related to a change in the connectivity of TiO6 octahedra at
the boundary.

Studies are in progress to quantify the Ti/Ba ratio
different microstructural components in the film, to compa
O–K ELNES for grain boundaries with different compos
tion and to analyze the Ti/Ba distribution in BST films wit
Ti concentration closer to the stoichiometric value of 50%

The discussions with G. Stauf~Advanced Technology
Materials, Inc.!, S. Streiffer~Argonne National Laboratory!,
and S. Stemmer~University of Illinois at Chicago! are ac-
knowledged.
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FIG. 4. O–K ELNES ~a! at a grain boundary,~b! in the grain interior, and
~c! a spatial difference between~a! and ~b!. Peaks ‘‘A’’ and ‘‘B’’ corre-
spond top* ands* pd-type antibonding interactions between O and Ti.


