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Abstract

This paper reviews advanced techniques of transmis-
sion electron microscopy (TEM ) to study the struc-
ture, composition, and charge distribution at
interfaces in ceramics. Recent experimental studies
on grain boundaries in lead titanate, silicon nitride,
and strontium titanate serve as examples to demon-
strate the advantages TEM in obtaining structural
and chemical information at high spatial resolu-
tion. © 1999 Elsevier Science Limited. All rights
reserved
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1 Introduction

Most materials of practical importance are used in
polycrystalline form. This holds for ceramics
(polycrystalline ceramic materials), metals, alloys,
metal/ceramic or ceramic/ceramic composites, some
polymers, and some advanced semiconductors. In
polycrystalline materials, regions of different
orientation and/or composition are separated from
each other by internal interfaces. These ‘internal’
interfaces play an important and often dominant
role in controlling materials properties. Several
textbooks and proceedings of international con-
ferences reflect the research activities in this area.'™
The importance of internal interfaces has become
particularly obvious from the outstanding proper-
ties of nanocrystalline materials.> Understanding
the properties of internal interfaces constitutes a
challenge to materials science because interface
properties depend on numerous parameters. The
mere crystallography of a planar interface, for
example, depends on up to ten different para-
meters: six macroscopic and four microscopic
parameters.” The macroscopic parameters include
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(i) three parameters to describe the rotation of one
crystal lattice with respect to the other, (ii) two
parameters indicating the (average) inclination (or
orientation) of the boundary plane, and, if either
crystal displays enantiomorphism, (iii) one para-
meter to indicate whether the transformation from
one crystal to the other requires an inversion or
not. The microscopic degrees of freedom comprise
(i) three parameters to indicate the ‘translation
state’—the translation of one crystal lattice against
the other, and (ii) one parameter to indicate the
position of the interface (required if the basis of
either crystal structure includes more than one
atom). The atomistic structure of an interface,
however, not only involves the above crystal-
lographic parameters; in all but the most trivial
cases the atoms near the interface plane relax to
positions that differ from those in their native
crystal structure. Such relaxation may become
apparent, for example, as misfit dislocation net-
works. Apart from being structural defects, inter-
nal interfaces often change the composition in the
regions adjacent to the interface plane. This may
have an eminent influence on materials properties.
The conductivity of varistor ceramics, for example,
sensitively depends on charged point defects that
segregate to the grain boundaries and thus induce
space charges in the adjacent crystallites.

In crystalline materials, one distinguishes
between two different categories of internal inter-
faces: homophase boundaries and heterophase
boundaries.® The former are commonly called
grain boundaries, while the latter are often denoted
as heterointerfaces. Grain boundaries include twin
boundaries, domain boundaries, or inversion
domain boundaries as special cases. Hetero-
interfaces, in contrast, separate crystallites of two
thermodynamically different phases. The crystal
structure and orientation of these two crystallites
may be the same, as often desired in semiconductor
heterostructures, or they may differ, as encountered,
for example, at interfaces between tetragonal and
monoclinic ZrO,. Another important group are
metal/ceramic interfaces, for which recent conference
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proceedings demonstrate considerable progress in
the level of understanding.®’ For hetero-
interfaces, in contrast to grain boundaries, it is also
important to understand their stability against
chemical reactions and diffusion-related changes of
their morphology.!%-12

This paper reviews recent progress in determin-
ing the structure, composition, and interatomic
bonding across interfaces by TEM and a few other
experimental techniques. Shortly after first X-ray
diffraction experiments had revealed that many
inorganic materials are crystalline the question
raised what the structure of the grain boundaries
would be like. As one of the first theories, Rosen-
heim!? envisioned grain boundaries as relatively
thick, disordered regions of amorphous ‘cement’
between the crystallites. After the introduction of
the concept of crystal dislocations, Taylor'* cor-
rectly proposed a dislocation model for low-angle
grain boundaries. For large-angle grain bound-
aries, however, the development of models has
been much slower. Sutton and Vitek!>~!7 were the
first to show by computer simulation that large-
angle grain boundaries are not amorphous but
periodic and consist of unique structural units.
Since then, advanced experimental and computa-
tion techniques have significantly advanced our
understanding of the atomistic structure of grain
boundaries as well as heterointerfaces.

2 Microstructure of Materials—TEM Studies of
Interfaces

To rationalize the properties of polycrystalline
materials one needs to quantify various parameters
of their microstructure on different length scales.
Light microscopy (LM) and—for features below
1 pm—scanning electron microscopy (SEM) con-
stitute the major tools for such quantitative metal-
lography. Concerning interfaces, it is important to
investigate the frequency distribution of the mis-
orientation between adjacent crystallites. The
advent of ‘orientation imaging microscopy’ (OIM),
automized evaluation of crystallite orientations
from Kossel patterns obtained in an SEM, has now
made it feasible to obtain this information with
excellent statistics.'®!” Still, this technique does not
suffice to determine the interface inclination, which
is equally important for the properties. OIM in
combination with successive abrasion of the
surface (depth profiling) may provide this infor-
mation but is laborious, and the removal of very
thin layers of material without introducing damage
requires special experimental techniques.

TEM, in contrast to LM and SEM, can reveal
the structure of interfaces and their composition

Table 1. TEM methods

CTEM Conventional transmission electron microscope
STEM Scanning transmission electron microscope
HRTEM High-resolution transmission electron microscope
AEM Analytical transmission electron microscope
XEDS Energy-dispersive x-ray spectroscopy

EELS Electron energy loss spectroscopy

ELNES  Electron loss near edge structure

down to atomic resolution. Table 1 compiles the
most important TEM techniques for this purpose.
Conventional TEM (CTEM) stands for imaging
modes using only one beam—either the primary
beam or one of the diffracted beams. CTEM ima-
ging sensitively reveals strain fields around crystal
defects. Besides imaging, CTEM includes (selected-
area) diffraction studies with parallel illumination.
This technique serves to analyze agglomerates of
point defects, dislocations, and planar defects. It is
well established that the microscopic defects
observable by CTEM substantially influence mac-
roscopic materials properties.?°

In contrast to CTEM, which exploits elastic
electron scattering, analytical transmission electron
microscopy (AEM)?!-24 relies on inelastic electron
scattering, where an incident electron transfers part
of its kinetic energy to the specimen. Most impor-
tant for elemental analysis, the primary electron
may ionize an atom in the specimen by knocking
out some of its inner electrons. Two complimen-
tary methods exist to utilize such inner shell
ionization for chemical analysis, X-ray energy-dis-
persive spectroscopy (XEDS) and electron energy-
loss spectroscopy (EELS). XEDS spectra reveal the
elements present in the specimen by the character-
istic X-rays the ionized atoms emit when an elec-
tron falls into an emptied state of an inner shell.
EELS spectra provide equivalent information by
indicating the characteristic energy losses of the
primary electrons during inner-shell ionization.

Both, XEDS and EELS can provide quantitative
information on the local composition. XEDS
appears to be easier, however EELS offers a wealth
of extra information.?*?°> In EELS spectra recor-
ded with an energy resolution better than 1eV the
absorption edges exhibit a fine structure. The
energy-loss near-edge structure (ELNES) dom-
inates from the onset of the edge up to about
30eV, whereas the ‘extended’ energy-loss fine
structure (EXELFS) ranges from there up to sev-
eral 100eV above. ELNES studies can be used to
determine the bonding, electronic structure, and
real space structure around the atoms that lead to
the respective absorption edge. ELNES features
are generally complex and cannot be analyzed
intuitively; the near-edge fine structure results from
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multiple electron scattering and varies with the
scattering atom, the number and species of the
neighboring atoms, and the bond angles the scat-
tering atom makes with its neighbors. The impor-
tant point about ELNES is that it contains
information about the three-dimensional atom
arrangement around the scattering atom and,
therefore, complements the results obtained by
high-resolution transmission electron microscopy
(HRTEM).?®

As compared to SEM, performing AEM in a
TEM allows one to obtain analytical data with
high spatial resolution. The actual resolution
depends on the size of the electron probe and beam
broadening. In a dedicated scanning transmission
electron microscope (STEM) the probe size is
typically smaller than 1 nm, thus the lateral resolu-
tion can be less than 1 nm. Several different tech-
niques of interface analysis have been developed in
order to optimize the information content and time
consumption under the given boundary conditions.
The standard method consists of scanning the
electron probe along a line across the interface
while recording analytical signals.?® This techni-
que, however, substantially suffers from specimen
drift. In many cases, the ‘spatial difference techni-
que’ constitutes a better solution.?”?® With that
technique one scans the electron beam across three
box-shaped regions of the same shape, one cen-
tered on the interface and the two others located in
the two crystals next to the interface. The differ-
ence of the spectra obtained in these three regions
then reveals the net effect of the interface. Further
details of the AEM techniques applied to interfaces
have been described by Dehm et al.?®

To solve the atomistic structure of internal
interfaces with high precision and in several crys-
tallographic projections one needs to image the
atom arrangement with a resolution of about
0-1nm. Presently, high-resolution transmission
electron microscopy (HRTEM) constitutes the
most powerful technique for this purpose.’® At the
moment, two different kinds of HRTEM instru-
ments achieve or closely approach the above reso-
lution: High-voltage high-resolution transmission
electron microscopes®' and—a very recent devel-
opment—medium voltage transmission electron
microscopes equipped with a corrector to eliminate
spherical aberration.??3* Owing to the coherent
imaging process, intuitive interpretation of
HRTEM images showing interface structures may
lead to severe errors.?* Dynamical electron diffrac-
tion in the specimen, aberrations of the electron
optics, and loss of electron wave phase information
generally lead to a complex relationship between
the image and the atom arrangement in the speci-
men. One well-established method to correctly

interpret HRTEM images relies on numerically
simulating the images that hypothetical object
structures would yield under the experimental
imaging conditions. The simulated image that
yields the best match with the experimental image
under consideration identifies the best model for
the real structure. This method has been auto-
mated to perform a structure refinement by ’itera-

tive digital image matching’.3> 40

3 Structure of Domain Boundaries in PbTiO;
Ferroelectric Thin Films

Thin films of PbTiO3 (lead titanate) have impor-
tant device applications because this material is
ferroelectric at room temperature. Above the Curie
temperature 7.~400°C the material adopts the
perovskite structure with the space group Pm3m
(primitive cubic). On cooling below 7, the sym-
metry reduces to P4mm (tetragonal) with c¢/a =
1-09 in a first order phase transition, during which
the O and Ti ions move versus the Pb ions. The
displacements occur along one of the six <001 >
directions of the cubic cell. This particular axis
then becomes the ¢ axis or [001]; direction of the
tetragonal cell. The ion displacements destroy the
inversion symmetry of the cubic structure; the
material becomes polar and develops a sponta-
neous electrical polarization along [001];.

The PbTiO; films we discuss in the following
have been grown on (001) MgO substrates at tem-
peratures above T,..4' The films grow as a cubic
single crystal, which then transforms to tetragonal
PbTiO; on cooling to room temperature. The
transformation does not leave behind a single
crystal but a polycrystal consisting of domains, in
which [001]; points into one of the six different
<100 > directions. The domains meet in ‘special’
grain boundaries, denoted as domain boundaries.
Conventional TEM has revealed that if the polar-
ization vectors of the adjoining grains make an
angle of 90°, the domain walls tend to lie parallel to
{101}, planes. The energy and mobility of such 90°
domain boundaries influence the technically
important ‘switching’ behavior of the film—the
response to external electric fields.

Both, the energy and mobility of a domain
boundary depend on its width w. To advance the
understanding of ferroelectric thin films, therefore,
it is important to measure the domain width w.
Figure 1 presents a HRTEM image of a 90° domain
boundary in [010], projection. However, it seems
impossible to determine the boundary width w by
mere visual inspection of this image. Quantitative
HRTEM, in contrast, allows to determine w with
high accuracy: After obtaining the electron intensity
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Fig. 1. (a) Experimental HRTEM image of a 90° domain
boundary in PbTiOj3. The viewing direction coincides with the
common a direction of the two grains. The boundary plane
lies vertical in this image and corresponds to {101} on both
sides. (b) The image after adaptive Fourier filtering. The angle
between ¢ on one side and a (or b) on the other side reflects the
tetragonality of the low-temperature structure: ¢/a = 1-09.

of the image in digital representation, the noise in
the image was reduced by adaptive Fourier filter-
ing.*? From the resulting image the positions of Pb
columns were extracted by cross-correlating the
image with the pattern that each Pb column yields
in simulated images of undisturbed PbTiO;. The
maxima of the cross-correlation image reveal
where the pattern occurs in the image. By identify-
ing the sites of maximum pattern similarity with
the positions of Pb columns, and averaging over
the positions parallel to the boundary plane a

dq,do
115 ' dp[ x] s dq[x]
Lm}
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1.00f
Fdiy[x] . . dox]
B - T T-—T N
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Fig. 2. Lattice parameters a and ¢ across the domain bound-

ary of Fig. 1, plotted versus the spatial coordinate normal to

the boundary plane in units of the {101} spacing (0-29 nm). On

the left, @ and ¢ correspond to d, and d», respectively, while on

the right the meaning of d, and @, are interchanged. The width
w of the domain boundary amounts to (1-0£0-3) nm.

model was obtained for the repeat unit of the
boundary structure. Figure 2 depicts the course of
the lattice parameters d; and d5 in this model.

So far, the analysis has not accounted for
potential artefacts in the HRTEM image: owing to
the problems outlined above, the coincidence
between the position of Pb columns and the pat-
tern of Pb columns in undisturbed PbTiO; may be
destroyed near the domain boundary. To estimate
the error arising from this problem, image simula-
tions were carried out with those column positions
obtained by the above procedure. The simulated
image was analyzed in the same way as the experi-
mental image 1. The difference between corre-
sponding positions of Pb columns indicates the
error originating from the disturbance of the col-
umn/pattern coincidence. The analysis has revealed
that artefacts in the HRTEM image introduce
errors no larger than 0-8% in the lattice parameters
d; and d>. Combining these errors with the stan-
dard error of the mean value of d; and ¢, along the
boundary one obtains the error bars in Fig. 2.

Fitting a tanh function®? to the data of Fig. 2 one
obtains w=(1-0£0-3)nm. The error of £0-3nm
results from the ambiguity in defining the exact
location of the boundary plane (the fourth micro-
scopic degree of freedom, compare Section 1),
rather than from uncertainty in Pb column posi-
tions. The two solid curves in Fig. 2 result from
fitting the data with a {202} boundary plane occu-
pied by Pb-Ti—O or O, respectively. Inserting the
result for w into the expression for the boundary
energy in the theory of Cao and Cross® yields a

boundary energy of 50 mm—2.
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4 Structural and Compositional Studies of Grain
Boundaries in SizNy4

Si3Ny (silicon nitride) ceramics are important struc-
tural materials for high-temperature applications.
Owing to the covalent bonding, sintering of Si;Ny
requires the addition of sintering aids. The latter
oxidize the Si;N4 grains from the surface to form
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Fig. 3. Grain boundary energy y of two SizNy crystals versus
the misorientation angle # around a particular rotation axis
[uvw] (schematic). Solid line: y., without amorphous wetting
layer. Dashed line: energy 2, y, of a grain boundary contain-
ing an amorphous wetting layer (each solid/liquid interface
contributes y,); this energy does not depend on 6. An amor-
phous film is expected to form where 2y, is smaller than y..

undoped

SiO,, which covers the SisN, grains as a liquid
phase before densification; SizNy4 can only be den-
sified if a liquid phase is present. Kleebe er al.**
showed that an amorphous film exists in all ‘random’
grain boundaries—boundaries without ‘special’
crystallography. The film thickness depends pri-
marily on the composition of the film and is con-
stant throughout a specific material. Clarke*>:4
suggested that the amorphous wetting film forms if
the energy of the interfaces the two SizNy crystals
make with the film is smaller than the (hypothe-
tical) energy y. of an unwetted grain boundary
(Fig. 3). In agreement with this model, small-angle
grain boundaries and ‘special’ grain boundaries*’
do not exhibit an amorphous film.

Tanaka et al*®® investigated the wetting film
thickness as a function of the wetting film compo-
sition. Those studies revealed that an amorphous
film exists on all large-angle grain boundaries, but
the thickness depends on the sintering additives. In
pure Si;Ny the SiO, wetting film has an equilibrium
thickness of 1nm. Small additions of CaO reduce
the film thickness, while with increasing amounts
of sintering additives the thickness increases—at
least for non-special grain boundaries (Figs 4 and
5). According to the present understanding, the
equilibrium thickness results from the balance of
the following forces across the grain boundary: (i)
attractive van der Waals forces and (ii) repulsive for-
ces resulting from steric effects, and (iii) electric dou-
ble-layer forces.*>64 Different types of impurities

220 ppm Ca 450 ppm Ca

Fig. 4. HRTEM images revealing the dependence of the SiO, wetting layer thickness in SisN,4 grain boundaries on the amount of
Ca sintering aid. (a) 0 ppm Ca, (b) 80 ppm Ca, (c) 220 ppm Ca, (d) 450 ppm Ca.
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result in different equilibrium thicknesses. How-
ever, different amounts of impurities still result in
the same equilibrium thickness of grain boundary
film; increasing the impurity content merely
increases the volume of triple junctions.

5 Structure and Composition of Grain Boundaries
in SrTiO3

The electrical properties of SrTiO; (strontium tita-
nate) ceramics are strongly influenced or even dic-
tated by grain boundary segregation of charged
point defects, such as dopant atoms, impurities,
vacancies, or self-interstitials. The atomistic struc-
ture of the grain boundaries, their energy, and the

—_ —_
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Fig. 5. SiO, wetting layer thickness in Si3N,4 grain boundaries
versus the Ca concentration.

segregation of point defects mutually depend on
each other. Grain boundary segregation of charged
point defects induces the formation of space char-
ges in the adjoining crystals.’*>* In order to
investigate the relation between grain boundary
structure and composition, grain boundaries in
Fe-doped SrTiOj; bicrystals and in SrTiO5; ceramics
were studied by HRTEM and by AEM with sub-
nanometer resolution.

5.1 Structure of ‘special’ grain boundaries
Quantitative HRTEM served to investigate the
atomistic structure of » =3, (111) grain bound-
aries in Fe-doped SrTiOj; bicrystals with a doping
level of Fe/Ti=0-04 at%.3%3%¢ Analysis of the
translation state revealed that the Y =3, (111)
grain boundary has an excess volume: normal to
the boundary plane, the spacing between the two
crystals exceeds what one would expect from the
crystallography by (0-06 £0-01) nm. AEM revealed
no segregation of Fe above the present detection
limit, which corresponds to 0-15 atoms/nm—2.

The atomistic structure of ) =5, (310) grain
boundaries was also investigated by HRTEM stu-
dies on bicrystals, however only semi-quantita-
tively. Those bicrystals had an Fe doping level
corresponding to Fe/Ti=0-01at%. Again, segre-
gation of Fe to the grain boundary did not exceed
the detection limit of AEM. By straight-forward
interpretation of Z-contrast images, Browning and
Pennycook have suggested a model for the atom
configuration at this boundary.’” Quantitative

Fig. 6. > =3 grain boundary in polycrystalline SrTiO;. On a macroscopic scale, the mean orientation of the boundary plane

deviates by 4° from the orientation of {111} planes of the two crystals. On the microscopic scale, however, the grain boundary

decomposes into two types of facets, 4 and B. Facets of type 4 correspond to {111} planes in both crystals, while facets of type B
follow another, presumably ‘random’ plane.
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HRTEM analysis of the grain boundary structure
and, in particular, of the excess volume has not yet
been carried out.

5.2 Grain boundaries in SrTiO3 ceramics

In addition to the above ‘special’ grain boundaries
in bicrystals, ‘non-special’ or ’random’ grain
boundaries were investigated in SrTiOsz ceramics
with an Fe doping level corresponding to Fe/
Ti=0-4at%. It was found that this material actu-
ally contains a high density of > =3 grain bound-
aries. One example for these boundaries is shown
in Fig. 6. The mean orientation of the boundary
plane deviates from {111} planes in the two grains.
The TEM image reveals that the grain boundary
decomposes into two types of facets, 4 and B.
Facets of type A correspond to {111} planes in
both crystals and exhibited similar features as
described for ) =3, (111) bicrystals in Section 5.1.
At this type of facet the Fe segregation was below
the detection limit. Facets of type B, in contrast,

Fig. 7. HRTEM image of a ‘random’ grain boundary in
polycrystalline SrTiO; (same material as in Fig. 6), revealing
an amorphous film between the two crystals.

Table 2. Properties of different grain boundaries in SrTiO;

Sample Fe doping  Fe excess Notes
Cre/Cri Or

Bicrystals

>o=3,(111) 0-04 at% < detection

(Verneuil method) limit

> =5,(310) 0-01 at% < detection

(diffusion bonded) limit

near »_ =13, (510)  0-47 at% (0-46+0-13)

(diffusion bonded) atoms nm 2
Polycrystal

near » =3, (111) 0-40 at%

(111) facets

< detection

‘random’ facets limit

(0-46£0-13)

atoms nm 2
‘random’boundary 040 at% (4-0+£0-26) Amorphous

atomsnm~—2 film (0-8 nm);

Ti excess
(8-5+£1-6)

atoms nm 2

have a ‘non-special’ (‘random’) orientation. These
facets are inclined versus the viewing direction. The
0-3nm broad band of diffuse contrast in the
boundary region suggests that facet contains an
amorphous film. For facets of type B, AEM indi-
cated Fe segregation corresponding to 0-46 atoms
nm--.

In completely ‘random’ grain boundaries of the
same material HRTEM revealed the existence of
an amorphous film with a thickness of 0-8nm
(Fig. 7). Moreover, the segregation of Fe was much
stronger than in the > =3 boundaries: 4-0 atoms
nm~ along with a Ti excess of 8-5atomsnm—2.
These results have a similar interpretation as given
above for SisN4 ceramics: ‘Special’ grain bound-
aries with an energy below 2 y,, (2 times the energy
ya of a crystalline/ amorphous interface) have no
amorphous film, and cause no segregation of
cations (also see Fig. 3). ‘Non-special’ boundaries,
on the other hand, contain an amorphous film with
a thickness of about 0-8 nm, which forms because
without the film the energy of the grain boundary
would exceed 2 y,. Table 2 summarizes the results
that have been obtained so far for different grain
boundaries in SrTiOs.

6 Summary and Conclusion

TEM constitutes a particularly powerful experi-
mental technique to study grain boundaries in
ceramics. Through the newly developed methods of
quantitative HRTEM it has become possible to
determine the atom positions at grain boundaries
with high precision—even though this method
works only for grain boundaries where the mis-
orientation of the two grains has pure tilt character
(no twist component). The accuracy of structure
determination depends not only on the resolution
limit of the electron microscope, but also on the
quality of the TEM specimen (thickness, con-
tamination layers, and the like). Analytical TEM,
on the other hand, provides highly resolved infor-
mation on the spatial distribution of atomic species
at interfaces. Here the limit of delectability depends
not only on the instrumentation but also on the
type of elements under investigation. Instrumental
developments in the near future will allow analysis
of the fine structure in EELS spectra with much
better energy resolution, and such analysis will
yield very detailed information on the nature of
interatomic bonds across interfaces.

Even though TEM offers many advantages for
the study of grain boundaries, such studies are
particularly time-consuming. Moreover, the
volume one can image or analyze by TEM is
extremely small. Usually, therefore, it is not trivial



672

F. Ernst et al.

to conclude from TEM observations on the aver-
age or macroscopic properties of materials.
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