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Using high-resolution transmission electron microscopy, we have investigated the mechanisms of
defect formation in samples of the microwave dielectric material, Ba,TiyO,,. We found that materials
prepared by a variety of different techniques all show considerable structural disorder. The most
prevalent intergrowth involved formation of a new triclinic polytype with an ionic arrangement closely
related to that in the accepted structure. Defects also resulted from considerable microtwinning and
were observed mainly in the samples prepared from a vanadate flux. The degree of nonstoichiometric
defect formation was small in comparison to the stoichiometric intergrowths. In this case defects
appeared to result from the incorporation of excess vacancies into the close-packed layers of the

structure. Barium-deficient surface phases were also formed via a similar mechanism.

Press, Inc.

1. Introduction

Over the past 10 years several ceramic
materials have been developed for incor-
poration in high-quality microwave-
integrated filters (I, 2). A suitable ceramic
dielectric microwave resonator material
must have low loss in the microwave
region, a low-temperature coefficient of
dielectric constant, and a high dielectric
constant, typically 35-40. Most of the
research conducted on ceramic dielectric
resonators has focused on phases in the
BaO-TiO, system. The two most popular
materials, which are manufactured com-
mercially, are Ba,TisO, and BaTisOy. In
commercial preparations of Ba,TisOy
several problems have arisen due to vari-
able values for the dielectric loss, Q.

0022-4596/87 $3.00
Copyright © 1987 by Academic Press, Inc.
All rights of reproduction in any form reserved.

© 1987 Academic

The crystal structure of Ba,TigO, has
recently been determined using single crys-
tal X-ray diffraction (3). The structure can
be described as a hexagonal close-packed
arrangement of barium and oxygen with
titanium occupying the appropriate
octahedral sites. The pseudo-hexagonal cell
has an (kch); nine layer stacking sequence
with a primitive triclinic cell, a = 0.7471
nm, b = 1.4081 nm, ¢ = 1.4344 nm, a =
89.94°, B = 79.43°, v = 84.45°, space group
P1. Figure 1 shows the atomic arrange-
ments in each of the six layers making up
the triclinic cell. Two types of barium
atoms occur within the layers, half are 12
coordinated by oxygen and the remainder,
at y = 0.25 and 0.75, are 11 coordinated
with a vacancy occurring between the adja-
cent barium ions. It has been suggested that
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F1G. 1. Atomic arrangements in each of the close-
packed layers of the P1 Ba,TigOy, structure. The large
black circles are Ba’* ions, and oxygen positions are
represented by the corners of the polyhedra surround-
ing the Ti** ions.

the occurrence of the Ba—vac-Ba sequence
could be the cause of the superior dielectric
properties of Ba,TisO; as compared to the
other barium polytitanates (¢). However,
we note here that both the 6:17 and 4:13
phases, which do not have outstanding di-
electric properties, have more vacancies
per (Ba + O) sites than does the 2:9 phase.

Two studies of Ba,TigO, have been made
using high-resolution electron microscopy.
The first by Grzinic et al. (4) confirmed the
crystal structure also reported by Fallon
and Gatehouse (5) and described the occur-
rence of isolated defects. The second study
(6), published during the course of this
work, described defect structures formed in
intergrowths of hollandite-*‘BaAl,TigOs”’
with Ba;TisOy. Both the previous HREM
studies chose to describe the crystal struc-
ture of Ba,TisOy in terms of its relation to
hollandite, presumably in part due to their
studies being related to the Synroc pro-
gram. Although certain layers of the struc-
ture do bear some resemblance to the
hollandite structure, we feel this analogy
can be misleading and we retain the more
proper description which is in terms of a
close-packed structure.
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In this paper we report the results of a
high-resolution TEM study of Ba,TigOx
ceramics prepared by several different
techniques. The investigation was aimed
toward studying the defect nature of these
materials in order to gain some insight into
the variation of the dielectric properties.

2, Sample Preparations

Specimens were examined which had
been prepared by several diverse tech-
niques. The majority of the compositions
were obtained by heat treatments of pow-
ders formed by hydrolysis of metal organic
precursors. The technique was fully
described by Ritter ef al. (7) and involved
preparation of Ba-ethoxide and Ti-
ethoxide solutions. These solutions were
mixed in a dry argon atmosphere in the
desired proportions and then hydrolyzed
with or without refluxing by the dropwise
addition of 10: 1 ethanol : water. The preci-
pitate formed was centrifuged, filtered,
washed, and dried at 110°C. Heat treat-
ments were performed in Au or Pt crucibles
in a MoSi, box furnace for times ranging
from 1 hr to several weeks and at tempera-
tures from =500°C to the beginning of melt-
ing at =1430°C.

Several specimens, typical of the ceram-

ics used for industrial or defense applica-

tions at microwave frequencies, were
obtained from H. M. O’Bryan of AT&T,
Bell Telephone laboratories, and L. P.
Dominques of Trans Tech., Inc. These
specimens had been fired for various times
at temperatures ranging from about 1325 to
1400°C. The heat treatments used in such
commercial ceramics generally involved
heating and cooling rates of approximately
100°/hr. The powders used for starting
materials were usually either BaCO; or
precipitated BaTiO; and fine-grained. TiO,,
probably anatase. A few specimens were
also prepared at the National Bureau of
Standards using similar conventional solid
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state techniques except in special cases
(described below). These were pure mater-
ials representing equilibrium conditions in
the binary system BaO-TiO,. However,
the commercial specimens may have con-
tained deliberately (or accidentally) added
impurities designed to act as sintering aids
or to improve the resultant dielectric
properties. Such additions are usually pro-
prietary and no attempt was made to chemi-
cally characterize these specimens.

Several specimens examined were pre-
pared at NBS by other techniques involving
the use of a third component to aid in the
low-temperature formation of the com-
pound Ba,TigOy. As described by Millet et
al. (8) in the phase equilibria study of the
ternary system BaO-TiO,-V,0s, Ba,TigOy
exists in equilibrium with both Ba;(VO,),
and Ba,V,0,. Therefore, a large batch of
the 2:9 phase was prepared by mixing
BaTiO; and BaV,0¢ in a 2:1 molar ratio
and heating at 850°C in a Pt crucible. The
specimen was removed from the furnace
after 3 hr and the resultant partially melted
material (the melting point of BaV,0q is
=708°C) was ground and reheated at 850°C
for 18 hr. This material was then boiled in
dilute HCI for several hours, washed, and
refluxed until the acid remained colorless.
This process removed all the Ba;(VO,), and
Ba,V,0;, leaving only Ba,TisO, (with per-
haps a trace of TiO,, rutile). Material
derived from this vanadate flux experiment
was ultrafine-grained, but crystalline,
powder with the characteristic X-ray pat-
tern similar to that of the triclinic Ba;TigO5
heated at much higher temperatures. This
powder was then given various temperature
and time heat treatments and examined by
X-ray and electron diffraction.

As was also shown by Millet er al. (8),
B,0; can be used as a sintering aid to
produce dense ceramics of Ba,TisO, at
temperatures as low as 1000°C. One speci-
men containing 2 mole% addition of B,0O4
was prepared by the ethoxide precursor
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technique, hydrolyzed, dried, calcined,
pressed into a pellet, and fired at 1000°C for
47 hr. X-ray and electron diffraction
showed only Ba;TigO;.

3. Experimental

All the samples used in the HRTEM
studies were prepared for microscopy by
grinding under acetone and dispersing on
holey carbon grids. During the course of
the study three different microscopes were
used at the University of Pennsylvania, the
National Bureau of Standards, and at
Arizona State University. These included a
Philips 400T, a JEOL 200 CX, and a Philips
430T. Some image calculations were per-
formed using multislice computer programs
deveioped at Arizona State and at Cam-
bridge University (9). Extensive simulation
of all the structural defects observed in our
samples was not attempted and was beyond
the scope of this investigation.

4. Results

During the investigation of several
samples of Ba,TigO, prepared by the vari-
ous techniques described above, many
different defects were identified. The major
defect, common to all the materials, in-
volved formation of a new polytype of
Ba;TiyO, resulting from systematic
“‘stacking faults.”” A schematic of the pro-
jected barium positions in the P1 structure
along the [100] zone axis is shown in Fig. 2.
Using this orientation the barium ion
arrangement in the stacking sequence can
be resolved (see Fig. 3). The most distinct-
ive feature of the arrangement is the
‘‘zig-zag’’ alternation of the Ba-vac-Ba-
containing layers at y = 0.25 and 0.75. In
the normal structure this arrangement is
alternately displaced by +i5 ¢ and —% ¢
between each 11 coordinated Ba layer. The
correspondence between the image con-
trast in the nondefective regions and the
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FiG. 2. [100] projection of the barium positions in
Pl BazTigom.

contrast expected from the accepted struc-
ture was checked by multislice calcula-
tions, and these confirmed that at Scherzer
defocus the darker regions in the image
faithfully represent the projected Ba posi-
tions.

A lattice image of a sample prepared
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from the orthoethoxide precursors and ori-
ented along the [100] axis is shown in Fig.
4. The micrograph and the corresponding
diffraction pattern both indicate that the
stacking sequence along b is highly disor-
dered. Previous HREM studies (4, 6) had
found evidence for isolated defects in this
material but the published micrographs do
not indicate the high degree of disorder that
we have observed in our samples.

The defects in the stacking arrangement
are most easily characterized by observing
the change in the arrangement of the Ba-
vac—Ba sequence. From Fig. 4 it appears
that rather than the occurrence of isolated
random linear defects, systematic faults
lead to the formation of a new polytype. A
high-resolution micrograph of one of these
regions is presented in Fig. 5. In the new
polytype each Ba~vac-Ba-containing layer
is regularly displaced by ++5 ¢. The poly-
type phase formation occurs without any

F1G. 3. A [100] high-resolution image of a region almost free of defects. The projected unit cell is

outlined.
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F1G. 4. Lattice image and diffraction pattern collected along [100] showing the occurrence of defects
in samples synthesized from orthoethoxide precursors.

Fi1G. 5. A high-resolution image of an intergrowth of the P1 polytype. Additional defects are
arrowed.
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change in the overall anion stacking
sequence and the mechanism of its for-
mation involves systematic displacement of
the Ba ions within the close-packed layers.
In Fig. 6 we illustrate the atomic dis-
placements that result in the polytypic tran-
sition. For the example shown the
intergrowth starts at y = 0.75. The Ba-vac-
Ba arrangement in the y = 0.25 layer is
displaced by one atom along c, i.e., by ¢ c.
A corresponding displacement also occurs
in the layer below at y = 0.94, while the
arrangement at y = 0.06 is unaffected.
Because of the 0.25 displacement the
arrangement in the subsequent layer at 0.44
is also displaced by % ¢. Similarly the next
layer at 0.56 is displaced due to the shift of
the following layer at 0.75. The schematic
of the projected cell shows the initial and
final positions of the barium ions and
vacancies.

Each of the barium ion displacements
necessarily result in a change in the
titanium ion octahedral positions above and
below each close-packed layer. Figure 7
shows the new octahedral arrangements
resulting from the change in the Ba posi-
tions and their relation to the old unit cell.

FIG. 6. [100] projection showing the displacement of
Ba ions leading to formation of a P1 polytype. X
represents the position of the ions in the original P1
structure.
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F16. 7. Rearrangement of the Ti octahedrain they =
0.94, 0.06, 0.25, and 0.44 layers of the original struc-
ture to give the new polytype; the original cell is
outlined in each layer.

The Ti positions below the layer at y =
0.94, which was displaced by % ¢, become
identical to those below the y = 0.44 layer
in the original structure. The positions
below the 0.06 layer, which is not dis-
placed, change as a result of the shift of the
0.94 layer and become equivalent to those
below y = 0.56 in the original cell. Simi-
larly, the positions below y = 0.25 are
rearranged because of its displacement
relative to 0.06. The octahedra become
equivalent to those below 0.75 in the start-
ing structure. The occupancies below 0.44
and 0.56 remain topologically equivalent to
those in the starting structure, but are dis-
placed by 2 c¢. The b repeat of the new
structure is half that of the original cell and
is of reduced P1 symmetry, with cell di-
mensions a = 0.7471 nm, b = 0.7178 nm, ¢
1.4344 nm, « = 78.71°, B = 79.43°, and y =
84.45°. Therefore, the final structure is
equivalent to a repeat of half the original
cell without its center of symmetry.

In regions of the area shown in Fig. 5
several unit cells of the new polytype can
be observed coherently intergrown in the
host structure. In all the samples we
investigated these polytypic intergrowths
were present. However, we noted some
variations in the degree of polytypic dis-
order with the nature of the synthetic pro-
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Fic. 8. [100] lattice image of a commercial sample, in addition to the large number of polytypic
intergrowths and defects along b; in the regions A, B, and C excess vacancies are introduced by

intergrowths along ¢ (see text and Fig. 12).

cedure. The images shown in Figs. 3-5
were collected from samples prepared from
the alkoxide precursors. Although we
examined materials which had been sin-
tered at a range of temperatures, we were
not able to discern any distinct trends in the
degree of disorder as a function of firing
temperature. A lattice image collected from
a commercial sample of Ba,;TigO4 is shown
in Fig. 8. In this case it is hard to find any
region of the grain that is not massively
defective. In addition to the polytypic inter-
growths many random stacking faults are
present. The diffraction patterns of the
grains showed intriguing changes with the
degree of polytypic disorder. ‘‘Less”
defective samples showed only the char-
acteristic streaking along the b* direction,
corresponding to the disorder along the
stacking direction. However, as the degree
of disorder increased a wave-like
modulation could be observed in the c*

direction if the patterns were viewed at an
acute angle. Photographs of [100] zone axis
patterns viewed at normal and acute angles
are shown in Fig. 9.! The figure includes a
sequence of patterns collected from grains
exhibiting increasing amounts of disorder.
The amplitude of the modulation increases
with the number of defects; finally, in the
massively defective commercial samples
the patterns become completely incommen-
surate (see Fig. 9¢). These ‘‘moire-like”’
interference effects in reciprocal space
result from the random, coherent inter-
growth of the two structures at the unit-cell
level.

In contrast to the commercial and
ethoxide-precursor materials, the samples
grown from the vanadate flux were almost

! The modulations in the incommensurate diffrac-
tion patterns in Fig. 9 have recently been indepen-
dently modeled by Grzinic ({1).



Fic. 9. A series of [100] diffraction patterns collected from samples showing increasing degrees of
polytypic disorder. (a) Collected from a region showing only a few defects, (b) from the region shown
in Fig. 3. These patterns are also shown at an acute angle to illustrate the sinusoidal modulation along
¢. () An incommensurate pattern collected from a commercial sample.
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defect free. In this case we did observe
some correlation between firing tempera-
tures and the occurrence of the new poly-
type. Materials fired at 850°C for 28 hr were

noticeably more defective than those fired :

at 1000 and 1350°C. The higher temperature
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. samples contained very few polytypic inter-

growths.
In the case of the main defect mechanism
described above, we found no evidence for

-nonstoichiometry and all the intergrowths

appeared polytypic, causing no apparent

F1G. 10. Twin formation in a sample prepared by the vanadate flux technique.
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change in the crystal composition. The
second defect observed also appeared to be
stoichiometric and resulted in substantial
microtwinning of certain samples. Macro-
scopic twinning in crystals of this structure
had been previously observed during a
single crystal X-ray investigation (3).
Indeed a previous structure determination
was shown to be in error because of
twinned crystals (/0). The details of the
twinning mechanism have not previously
been investigated. Figure 10 shows a [010]
diffraction pattern and corresponding
image collected from a sample prepared
from a vanadate flux annealed at 850°C for
28 hr. Both the image and diffraction pat-
tern show evidence for a (100) twin. The
interface between the twins appears coher-
ent with no evidence for lattice mismatch or
strain. The twin is not a simple reflection
twin as this results in an incoherent twin
boundary. However, we propose that it can
be modeled by the following mechanism
involving an inversion twin. The twin is
obtained by a displacement of the unit cell
by % b followed by an inversion. A schema-
tic of the atomic arrangements in each of
the layers of the new twin and across the
twin boundary is given in Fig. 11. Starting
with the y = 0.06 layer, the ionic arrange-
ment across the boundary changes to that
obtained by inverting the arrangement in
the layer y = 0.56. The layer y = 0.25
“‘twins’’ with the inversion of y = 0.75, 0.44
with inverted 0.94, 0.56 with 0.06, 0.75 with
0.25, and 0.96 with the inversion of 0.44.
The resultant twin boundary is coherent
and there is no change in the basic packing
arrangement. As the image in Fig. 10
shows, the degree of microtwinning in the
low-temperature sample is high. As the
annealing temperature of the flux-grown
crystals was increased the number of twins
correspondingly decreased. Some twinning
was noted in the commercial materials, but
in no other samples was the same degree of
twin formation observed. The occurrence
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FiG. 11. A schematic model, along [010], for the
twin formation in each of the layers of the Ba,Ti;O;
structure.

of twinning in the flux-grown samples can
be rationalized by consideration of the syn-
thetic route. The Ba,TigO4 phase was syn-
thesized from mixtures of BaV,0¢ and
BaTiO; by solid state flux growth. This
technique involves the presence of an initial
liquid BaV,04 phase, presumably followed
by the growth of nuclei formed from the
liquid phase. The nuclei will then grow
independently and apparently form several
twin boundaries. Subsequent annealing at
higher temperatures will result in grain
growth and the elimination of many of the
twins.

Nonstoichiometric defects were only
observed in the commercially prepared
ceramics. Referring back to Fig. 8, in which
considerable polytypic disorder is ob-
served, in the regions labeled A, B, and
C, the contrast variations in the micrograph
give evidence for the introduction of excess
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vacancies from the intergrowth of adjacent
polytypes along (001). In Fig. 12 a region of
the sample is shown in which it appears that
excess vacancies accommodate the structu-
ral disorder in the interface region. This
type of defect has been previously reported
in work on the BaO-AlL,Os-TiO, system.
Thus, as shown in the schematic in Fig. 13,
the introduction of extra vacancies into the
Ba-vac—Ba layers allows the ‘‘binding’’ of
the two polytypes intergrown along ¢ and
can result in the sequences Ba-vac-vac—
Ba, Ba-vac-Ba-vac, Ba-vac-Ba-vac-
vac-Ba, and Ba-vac-Ba-vac-Ba-vac—
Ba, etc. The lengthening of this sequence
necessarily requires the insertion of extra

DAVIES AND ROTH

edge-shared titania octahedra into each
layer of the structure. For the Ba-vac—
vac-Ba sequence this would change the
stoichiometry from BazTigozo to BazTi11024
(see Fig. 13).

A related defect was also observed at the
edges of grains of the same sample. For
example, in Fig. 14 the extra contrast due
to the (010) lattice fringes is lost toward the
edge of the grain. Microdiffraction patterns
from this region confirmed the loss of this
periodicity and tilting experiments con-
firmed the change in contrast was not an
artefact due to poor alignment of the crys-
tal. Judging from the reduced contrast in
the micrograph, and by comparison to the
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FiG. 12. Excess vacancy formation in a commercial sample. Region A is the defect-free P1
structure, and region B is primarily the P1 polytype.
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FiG. 13. A schematic of the mechanism for excess
vacancy formation. Black circles represent the pro-
jected 11-coordinated barium ions, X represents the
vacancies between them. For clarity all other ions
have been omitted. Also shown is an example of the
insertion of extra edge-sharing Ti octahedra that are
required to form the excess vacancies.

small excess vacancy defects in the bulk of
the grain, we suggest the surface region is
barium deficient and may result from ex-
tended rows of vacancies within the Ti-O
framework. Small amounts of Mn added as
sintering aids in the commercial syntheses
may aid in the formation of these Ba-
deficient phases at the surface, and perhaps
in grain boundary regions.

5. Discussion

All the samples of Ba,TisO, investigated
during this work have shown evidence for
considerable structural inhomogeneity. By
far the most prevalent defect mechanism
involves polytypic intergrowth of a struc-
ture closely related to that previously
determined by X-ray techniques. The
degree to which the samples were inter-
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grown appeared to be dependent on both
the synthetic technique and the final
annealing temperature. For example, crys-
tals grown from a vanadate flux showed
less polytypism than samples synthesized
from orthoethoxide precursors which in
turn are less defective than commercial
materials grown by conventional solid state
techniques. At this stage the reasons for
these differences are unclear. We had
hoped to correlate the degree of polytypism
with the firing temperature. This proved not
to be possible with either the orthoethoxide
or commercial samples mainly because the
samples were so defective that ‘‘counting’’
defects was not feasible. Some evidence
was obtained for a decrease in the number
of defects with increasing temperature in
the vanadate flux materials.

By comparison to the polytypic defects,
nonstoichiometric defects do not seem to
play a major role in our specimens. Signifi-
cant degrees of nonstoichiometry were only
observed in the commercial samples, and
excess vacancies were present both in the
bulk of the grains and also at the edges of
some grains. These, together with the large
number of interface regions between the
polytypic defects, may be very significant
in controlling the dielectric loss properties
of these ceramics. It is clear that it is
extremely difficult to reach equilibrium
conditions in this system and produce a
defect-free structure. The situation is prob-
ably complicated by barium loss and
titanium oxidation/reduction phenomena at
higher temperatures. One of the original
aims of this work was to explain the poorly
understood variations in the dielectric loss.
As described above, because the materials
are so defective it is difficult to give any
quantitative explanation for the variations
in the loss, but it does seem likely that they
result from different degrees of polytypic
intergrowth. In order to give a more quanti-
tative explanation it will be necessary to
perform dielectric measurements on
samples with widely differing degrees of
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Fi1G. 14. A [100] high-resolution image of barium-deficient surface phases in commercial samples of
Ba,TiyOy. The contrast corresponding to the long repeat along c is lost toward the edge of the grain.

disorder. Preparation of materials with sub-
stantial disorder is not difficult, and the
most promising method for preparation of
defect-free samples appears to be via the
vanadate flux growth method.
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