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The microstructure and chemistry of (Ba,Sr)Tiin films deposited on Pt/Sil5i
substrates by metalorganic chemical vapor deposition were studied using high-
resolution transmission electron microscopy and quantitative spectrum imaging in
electron energy loss spectroscopy. The grain boundaries in all films with overall Ti
content ranging from 50.7% to 53.4% exhibit a significant increase in Ti/Ba ratio as
compared to the grain interiors. The results suggest that the deviations of Ti/(Ba + Sr)
ratio from the stoichiometric value of unity are accommodated by the creation of
Ba/Sr vacancies, which segregate to the grain boundary regions. The films with Ti
contents equal to or greater than 52% additionally contained an amorphous Ti-rich
phase at some grain boundaries and multiple grain junctions; the amount of this phase
increases with increasing overall Ti content. The analysis indicates that the amorphous
phase can only partially account for the significant drop in dielectric permittivity
accompanying increases in the Ti/(Ba + Sr) ratio.

Recently, much attention has been focused on the fabio such increase was detected for the specimen with
rication of polycrystalline thin films of barium strontium 50.7% Ti. Their analysis of the energy loss near edge
titanate (BST)-™" This material can offer a high dielec- structure (ELNES) indicated a broadening of the TisL
tric permittivity at a relatively large film thickness in ELNES features for the 53.4% Ti specimen; this was
dynamic random-access memorfeand has properties attributed to the distortion of the oxygen octahedra due to
of interest for tunable microwave deviceBeposition of  partial accommodation of excess Ti in the lattice. Levin
the BST films with an excess of Ti has been found to beet al.!? working on very similar specimens, demon-
necessary to achieve acceptable leakage currents and dirated an increase in the Ti/Ba ratio at all of the grain
electric lifetimes? and to obtain reproducible, stable, and boundaries in a film with 53.4% Ti. They found that all
smooth film morphology. However, deviation of the Ti/ of the grain boundaries in this film were Ba deficient,
(Ba + Sr) ratio from the stoichiometric value of unity has while some of these additionally exhibited an increase in
an adverse effect on dielectric permittivity of the BST Ti content. The latter regions were associated with an
films.*® For example, the dielectric constant of 40-nm-amorphous-like phase frequently observed at the grain
thick films decreases by about 60% when the Ti contenboundaries and triple junctions in the 53.4% specimen.
is increased from 51 to 53.4 at.¥ This effect is even The amorphous phase was found to contain at least Ba,
more pronounced for larger film thicknesses. Despite thigi, and O (no measurements of Sr content were con-
dramatic effect of stoichiometry on the dielectric prop-ducted). The present contribution summarizes the results
erties, the exact mechanism for accommodation of excess the combined HRTEM anduantitativeEELS analy-

Ti in these films still has not been determined. Recentlysis of the BST films with different Ti/(Ba + Sr) ratios.
structural imaging in a high-resolution transmission elec- The (Ba,Sr)TiQ thin films were deposited on Pt
tron microscope (HRTEM) and high-spatial resolution(100 nm)/SiQ/Si substrates by high-composition preci-
electron energy loss spectroscopy (EELS) were appliedion, liquid delivery MOCVD at a substrate temperature
to study the microstructure and chemistry of BST filmsof 640 °C? Films with three different Ti contents, here-
deposited on Pt/SigSi substrates by metalorganic after referred to as the 50.7%, 52% and 53.4% speci-
chemical vapor deposition (MOCVD}.*? Stemmeret mens, were studied. The average compositions of the
al.** reported a systematic increase in the Ti/O ratio a60.7% and the 53.4% BST films, as determined by wave-
the grain boundaries of a film containing 53.4% Ti, while length dispersive x-ray fluorescence (XRF) spectroscopy
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using well-characterized standards:* are summarized position over the area sampled by spectrum-imaging is
in Tablel. The film thickness for all specimens was equal to the average composition of the entire film as
about 38 nm, as measured by XRF and subsequently comeasured by XRF; the maps of Ti/Ba ratio for the vari-
firmed by cross-sectional transmission electron microseus films were subsequently normalized to the corre-
copy (TEM)!? sponding average values of Ti/Ba. The larger standard
Details of the TEM specimen preparation have beerdeviations reported for the EELS measurements reflect in
given elsewheré? Structural imaging was performed in part higher statistical errors associated with plural scat-
a JEOL 3010UHR (300 kV) high-resolution transmis- tering and diffraction effects, as well as the background
sion electron microscope. A VG Microscopes HB501subtraction.
dedicated scanning transmission electron microscope TEM imaging of all three films revealed similar mi-
equipped with a Gatan model 766 DigiPEELS (parallelcrostructure composed of columnar grains with a mean
electron energy loss spectrometer) was used for chemicgtain diameter of about 15 nm, independent of composi-
analysis:® For this analysis, the specimen was cooled taion. All films are fiber textured with théd01direction
liquid nitrogen temperature to prevent contamination.parallel to the surface normal. No amorphous phase was
Spectrum-images (64 x 64 pixels) were recorded bydetected in the 50.7% specimen, while disordered re-
scanning a focused probe of about 1.5-nm diameter ovegions with amorphous-like contrast were observed occa-
an area of about 80 x 80 nm. The thickness of the anasionally at some of the multiple grain junctions in the
lyzed area was less than that of the BST film (38 nm).52% specimen (Fig. 1). In contrast, such amorphous-like
Spectra in the energy loss range from 400 to 800 e\fegions werdrequentlyobserved at the grain boundaries
(which includes the Ti-L; O-K, and Ba—M s edges) and grain junctions in the 53.4% specimeén.
were acquired at each point (pixel). Specimen drift dur- Spectrum-imaging of the 50.7% specimen (Fig. 2)
ing the data acquisition was corrected by using a crossshowed an increase in the Ti/Ba ratio at the grain
correlation procedure implemented in the GATAN boundaries, similar to our previous findings on the
Digital Micrograph v.3. software. The spectrum-images53.4% film*? Compared to the grain interiors, all of the
were subsequently processed to remove the backgroundoundaries appear to be Ba deficient with detectable
and maps of both the Ti-l; and the Ba— 5 intensity  increase in Ti content. The spatial resolution of the pre-
distributions were obtained by integrating the corre-sent analysis (determined primarily by the beam broad-
sponding edges over an energy window of 50 eV. Theening) is about 5 nm, as can be deduced from the
coefficient of variance due to counting statistics for thefull width at half-maximum of the peaks in the line pro-
Ti/Ba ratio was about 0.01. Spectrum-imaging of thefiles of Ti/Ba ratio taken across the grain boundaries
Sr—L, ; edge (1950 eV) was unsuccessful due to the exfFigs. 3(a) and 3(b)]. The effective thickness of a grain
ceedingly large acquisition times required to achieve amoundary varies from about 1 nm for the core (Fig. 1) to
acceptable signal-to-noise ratio. some larger value if space charge regions are included.
EELS data were quantified using single crystals ofAssuming a cylindrical shape for the analyzed volume,
BaTiO; and SrTiQ as standards. The EELS spectra fromthe numbers measured at the grain boundaries are related
the standards and from the BST film with 53.4% Ti wereto the actual Ti/Ba ratios, (Ti/Bg), by a factor ofrd/4t,
recorded during the same microscope session under simithered is the diameter of the analyzed volumé(nm)
lar experimental conditions. Sr and Ti were quantified byandt is the grain boundary thickness. According to our
using the L, ; edge, and Ba by using the Medge. Both measurements, the product (Ti/Bg)x tis about 6 (with
the Ti/Ba and Ti/Sr ratios in the 53.4% film measuredt in nm). No significant difference in the amount of seg-
by EELS from 20 areas, each about 80 x 80 nm in sizeegation to the grain boundaries (excluding those with an
(Table II), agree well with those measured by XRF.amorphous phase) was observed between 50.7% and
Based on this result, we assumed that the average corfi3.4% specimens. For the amorphous pockets with a size

TABLE |. Chemical compositions of two BST films as measured TABLE Il. Cation ratios as measured by XRF and EELS.
by XRF.

53.4% Specimen

50.7% Specimen

XRF Cation ratio XRF EELS XRF
Element 53.4% Specimen 50.7% Specimen _
Ti/Ba 1.61+0.02 1.59 +£0.08 1.43+£0.01
Ti 53.44+0.22 50.67 £0.22 Ti/Sr 4.0+0.03 3.94+0.25 3.66 £0.03
Ba 33.21+£0.31 35.45+0.31 Ba/Sr 2.49+0.03 2.48 +0.%9 2.55+0.03
Sr 13.35+0.10 13.88+0.1 Ti/(Ba + Sr) 1.15+0.01 1.13+0.67 1.03+£0.01

aCompositions are given in at.% of the total metal fraction. Uncertainties®Uncertainties correspond to a single standard deviation.
correspond to a single standard deviation. bCalculated from Ti/Ba and Ti/Sr ratios.
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of 2-3 nm, the Ti/Ba ratio in the pocket is estimated topresent EELS measurements is not sufficient to ascertain
be between 4 and 5 from the measured ratios of Ti/Ba dependence of the Ba/Sr ratio in the grain interiors on
[Fig. 3(c)] obtained with a 5-nm probe. the overall composition.

The average Ti/Ba ratios measured in the grain inte- For the 50.7% and 53.4% specimens, the average Ti/
riors are 1.29 £ 0.04 and 1.36 = 0.05 for the 50.7% andBa ratio in the grain interiors is less than the overall
53.4% specimens, respectively. The uncertainties correFi/Ba ratio (Table Il). In addition, the Ba content was
spond to a single standard deviation as determined frorlower in the grain boundaries than in the grain interiors,
12 grains. Because the BST films studied have an avewhereas the Ti content remained approximately the same
age Ti/(Ba + Sr) ratio greater than unity, it is reasonablgFigs. 2(a) and 2(b)]. These combined results suggest
to assume that the grain interiors in these films are eithethat the [Ti/(Ba + Sr)l= 1 ratios in the specimens are
stoichiometric or Ti rich. The Ti/Ba ratios inside the accommodated by the creation of<Ba,Sr cation va-
grains for both specimens were found to be reproduciblicancies which segregate to the grain boundary regions.
(three maps for each specimen) smaller than the values @i inhomogeneous distribution of the Ba/Sr ratio in the
1.39 (50.7%) and 1.4 (53.4%) calculated for the case ofiims can be attributed to differences in the energies
Ti/(Ba + Sr) = 1 using mean values of Ba/Sr ratio meas-of formation of the Ba and Sr vacancies. Segregation of
ured by XRF (Table Il). The difference is statistically the Ba/Sr vacancies to the grain boundaries creates nega-
significant for the film with 50.7%. These estimates sug-tive space-charge regions which are expected to be com-
gest an inhomogeneous distribution of the Ba/Sr ratio irpensated by the positively charged grain-boundary
the specimen, with smaller values at the grain boundaries

than in the grain interiors; however, the precision of the 1.55
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20 nm FIG. 3. Line profiles of Ti/Ba ratio across the grain boundaries in (a) the
— 50.7% and (b) the 53.4% specimens. The line profile for the 53.4%

FIG. 2. Experimental maps of (a) Tizlsand (b) Ba—M s absorbtion  specimen was taken across a grain boundary free of amorphous phase. (c)
edge intensity distributions and (c) the calculated map of Ti/Ba ratioLine profile across an amorphous region at a grain boundary junction in
for the 50.7% film. Lighter contrast in the maps corresponds to athe 53.4% specimen. The grain boundaries are indicated by arrows. The
higher intensity of the corresponding absorbtion edges (or Ti/Ba ratio).dip observed in (c) has no significance.
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cores'®*” This might be achieved either by an excess ofmust be some additional factors contributing to the drop

Ti ions or by oxygen vacancies present at concentrations permittivity. One such factor could be a dependence of

higher than those of the Ba/Sr vacanct&sn both  the Ba/Sr ratio in the grain interiors on the overall Ti/

cases an increased Ti/O ratio at the grain boundary cor@a + Sr) ratio in the film?? more precise measurements

is expected. Surprisingly, measurements of the Ti/O ratiof the Sr content (i.e., Ti/Sr ratio) in the grain interiors

by Stemmeet al** for a 50.7% film performed at much are necessary to clarify this issue.

higher spatial resolution (a probe size of less than 0.4 nm

has been quoted), did not reveal any visible change in

Ti/O ratio at the grain boundaries. At present, there is ng*CKNOWLEDGMENTS

explanation for this discrepancy. The specimens for this study were kindly provided by
These results demonstrate that the BST films with TiP.C. van Buskirk, S. Bilodeau, and R. Carl of Advanced

contents ranging from 50.7% to 53.4% consist of at leasTechnology Materials, Inc. The discussions with S.K.

two phases with distinct chemical composition: grain in-Streiffer (Argonne National Laboratory) are acknowl-

teriors and grain boundaries. Assuming a hexagonatdged. The use of brand or trade names does not imply

prism shape for grains with an average diameter okndorsement of the product by NIST.

15 nm, the volume fraction of grain boundaries with a
thicknesst = 1 nm is estimated to be 18%8.The grain
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