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Abstract--By performing EELS in conjunction with the Z-contrast imaging technique in the scanning transmission electron 
microscope (STEM), detailed information on the composition, chemistry and structure of materials can be obtained with atomic 
resolution and sensitivity. This unprecedented resolution can be achieved by using an atomic resolution Z-contrast image to first 
identify structural features of interest and then to position the electron probe over the feature for spectral acquisition. This method 
greatly limits the number of spectra that need to be acquired from a given specimen, thus reducing total acquisition time and 
specimen stability problems. In addition, a key advantage of this methodology is that the collection conditions for the spectrum can 
be tailored to produce an incoherent, atomic resolution spectrum that can be correlated directly with the image. This means the 
image can be used as a reference atomic structure for theoretical modeling of the spectral fine-structure. Using multiple scattering 
analysis, the reference structure can be modified to reproduce the experimental spectrum, thus giving a 3-dimensional. structural 
determination that is sensitive to single atom vacancies and impurities. In this paper, the application of this combined EELS and 
Z-contrast technique to various materials problems is described. In the case of the MBE growth of CdTe on Si, the combined 
atomic resolution techniques allow the diffusion of Te into the silicon substrate to be identified and a novel graphoepitaxial growth 
mechanism to be identified. For nanoscale iron particles used as a fuel additive to reduce/enhance soot formation during 
combustion, measurement of the distribution of iron oxidation states within the particles permits a mechanism for soot formation 
to be proposed. The application of the multiple scattering analysis techniques to the study of grain boundaries is described for tilt 
boundaries in TiO 2 and SrTiO 3. In both cases, the multiple scattering analysis gives information not present in the image and 
allows the 3-dimensional structure of each boundary to be determined. 

Key words: STEM, EELS, Z-contrast imaging, interfaces, defects, nanoscale particles. 

INTRODUCTION 

Electron energy loss spectroscopy (EELS) has been 
demonstrated to have a wide variety of analytical appli- 
cations, such as the determination of the dielectric 
constant, composition, band structure and chemistry 
(Egerton, 1986; Disko et al., 1992). However, for many 
modern materials, the fluctuations in the composition, 
structure and chemistry that can limit the bulk proper- 
ties occur on the atomic scale. To understand fully the 
properties of these materials and the performance of 
subsequent device applications, it is therefore essential 
to be able to perform spectroscopy with both atomic 
spatial resolution and single atom compositional sensi- 
tivity. One means of obtaining this unprecedented 
resolution and sensitivity is through the use of a 
scanning transmission electron microscope (STEM). 

In the dedicated STEM, the electron optics are 
designed to form a small electron probe on the surface of 
the specimen (Fig. 1). As the probe is scanned over the 
surface of the specimen, the scattered electrons are 
collected in multiple imaging and analytical detectors 
(Fig. 1). For imaging, the integrated output from either 
of the detectors is displayed on a TV screen scanning 
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synchronously with the probe as it is moved over the 
surface of the specimen. As can be seen from Fig. 1, 
images can be acquired simultaneously with micro- 
analysis, thereby allowing them to be used to position 
the probe accurately for spectroscopy. This ability of the 
STEM to provide a reference image, makes it a very 
powerful instrument for microanalysis at high-spatial 
resolution. 

The use of a dedicated STEM to obtain high spatial 
resolution EELS from materials is not new (Brown, 
1981; Colliex and Mory, 1984). However, a major 
breakthrough leading to the eventual ,attainment of 
atomic resolution spectra, was the development of the 
Z-contrast imaging technique for crystalline materials 
(Pennycook and Boatner, 1988). For crystalline 
materials in zone axis orientations, when the probe 
size is smaller than the atomic spacing, the Z-contrast 
image forms a directly interpretable image of the atomic 
structure in which the contrast is proportional to the 
atomic number of the elements under the electron beam. 
This means that atomic columns in the image can be 
identified in real time and used as a map to position 
the electron probe for spectroscopy. In addition to 
positioning the probe with atomic accuracy, the local 
atomic structure around the probe is n~ow known, at 
least in projection, thus greatly reducing the difficulties 
associated with spectral interpretation. 
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Fig. 1. Schematic of the STEM. 
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For complete correlation with the Z-contrast image it 
is necessary that the spectra have the same atomic 
resolution. As can be seen from Fig. 1, provided there 
is no probe broadening, the resolution of both the 
spectrum and image in the STEM is primarily governed 
by the probe size. Therefore, if an atomic resolution 
Z-contrast image is obtained and the inelastic inter- 
action is sufficiently localized at the atomic cores, i.e. less 
than the atomic spacing, atomic resolution spectroscopy 
is possible. In practice this is achieved by limiting the 
region of the spectrum being investigated to the core- 
loss regime (> 100 eV) (Browning and Pennycook, 1993). 
Obviously, if only core-losses are being investigated the 
signal levels are extremely low and an efficient CCD 
based detection system must be employed (McMullan 
et al., 1990). However, it must be remembered that the 
Z-contrast image is obtained scanning close to normal 
TV rates and this image of the atomic structure is what 
is used to determine the positions from which spectra are 
obtained. Thus, as no attempt is being made to generate 
an EELS image, the number of spectra being acquired is 
very small and the time to acquire them limited to only 
a few seconds. This greatly reduces the problems of 

specimen drift and beam damage that are normally 
associated with detecting small signal levels. Another 
advantage of this methodology, again as no attempt is 
being made to form an image, is that a large collection 
angle can be used. As in the case of the Z-contrast 
image, a large collection angle averages any coherency 
that may exist in the energy loss signal leading to a 
simple quantitative interpretation of the energy-loss 
spectrum. In addition, this average over a large collec- 
tion angle effectively removes the orientation or chan- 
neling effects from the spectrum that have been observed 
in previous TEM studies (Tafto and Krivanek, 1982). 

In this paper, the methodology behind the use of 
Z-contrast imaging and EELS in combination is 
described in detail and several applications for materials 
science are discussed. The three applications represent 
examples of these techniques being used to determine 
composition, chemistry and structure fluctuations with 
atomic resolution and sensitivity. A major advantage of 
these correlated techniques in providing sufficient infor- 
mation to propose mechanisms leading to the observed 
structure-properly relationships is highlighted by these 
applications. 
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(a) (b) (c) 
Fig. 2. The specimen consists of an array of atomic columns (a) for which the potential for high-angle scattering can be represented 
by an object function (b). The experimental image can be interpreted as a simple convolution of the experimental probe and the 

object function (c). 

EXPERIMENTAL TECHNIQUES 

Z-contrast imaging 

Z-contrast images (Pennycook and Boatner, 1988; 
Pennycook and Jesson, 1990; Loane et al., 1992) 
are formed by collecting the high-angle scattering 
(75-150 mrad at 100 kV) on an annular detector (Fig. 1). 
Detecting the scattered intensity at these high-angles 
and integrating over a large angular range effectively 
averages coherence effects between neighboring atomic 
columns in the specimen. Thermal vibrations reduce the 
coherence between atoms in the same column to re- 
sidual correlations between near neighbors (Jesson and 
Pennycook, 1993), a second order effect. This allows 
each atom to be considered as an independent scatterer. 
Scattering factors may be replaced by cross sections, 
and these approach a Z 2 dependence on atomic number. 
This cross-section effectively forms an object function 
that is strongly peaked at the atom sites, so for very 
thin specimens where there is no dynamical diffraction, 
the detected intensity consists of a convolution of 
this object function with the probe intensity profile 
(Fig. 2). The small width of the object function 
(~0.02 nm) means that the spatial resolution is limited 
only by the probe size of the microscope. For a crystal- 
line material in a zone-axis orientation, where the atomic 
spacing is greater than the probe size, the atomic col- 
umns are illuminated sequentially as the probe is 
scanned over the specimen. An atomic resolution com- 
positional map is thus generated, in which the intensity 
depends on the average atomic number of the atoms in 
the columns. 

This result also holds true for thicker specimens. It has 
previously been noted that for specimens in zone-axis 
orientations, the STEM probe forms narrow spikes 
around the atomic columns as it propagates (Fertig and 
Rose, 1981; Loane et al., 1988). This effect is caused by 
the coherent nature and large angular spread of the 
STEM probe, which leads to the tightly bound s-type 
Bloch states adding constructively and the less localized 
states interfering destructively (Pennycook and Jesson, 
1991). This effect is enhanced for scattering processes 

such as high-angle thermal diffuse scattering that are 
localized at the atomic cores, causing a great reduction 
in beam broadening. With only one dominant Bloch 
state, dynamical diffraction effects are largely removed 
and manifest only as a columnar channeling effect, thus 
maintaining the thin specimen description of the image 
as a simple convolution of the probe intensity profile 
and an object function, strongly peaked at the atom sites 
(Fig. 2). 

The phase problem associated with the interpretation 
of conventional high-resolution TEM images is there- 
fore eliminated. In thin specimens, the dominant contri- 
bution to the intensity of a column is always its 
composition, although due to the higher absorption of 
the heavy strings the contrast does decrease with increas- 
ing specimen thickness and in very thick crystals there is 
no longer a high resolution image. The effect of chang- 
ing focus is also intuitively understandable as the focus 
control alters the probe intensity profile on the surface 
of the specimen. For defocus less than the optimum 
Scherzer condition, the probe broadens causing the 
individual columns not to be resolved. For higher de- 
focus values the probe narrows with the formation of 
more intense tails, causing sharper image features but 
compositional averaging over several columns. The 
optimum focus condition therefore represents a compro- 
mise between high resolution (narrow probe profile) and 
the desire for a highly local image (no significant tails to 
the probe). This also corresponds to the optimum probe 
for microanalysis. 

At defects and interfaces, structures can become 
extremely complicated causing difficulties in deter- 
mining the precise 3-dimensional composition. How- 
ever, provided an atomic column is: continuous 
through the crystal, reconstructions will Only result in 
a change in column intensity and not a contrast 

reversal. The atomic structure in the region of defects 
and interfaces can therefore still be determined largely 
from the image, and used as a map to position the 
electron probe for EELS (Browning et al., 1993; 
Batson, 1993). Using the energy loss spectrum, the full 
3-dimensional determination can be achieved (see 
later). 
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modulation of  the K-edge intensity. 

Electron energy loss spectroscopy 

As can be seen from Fig. 1, the annular detector used 
for Z-contrast imaging does not interfere with the low- 
angle scattering used for electron energy loss spectro- 
scopy. This means that the Z-contrast image can be 
used to position the electron probe over a particular 
structural feature for acquisition of a spectrum. To 
be able to correlate the spectrum precisely with the 
structural feature, it is essential that the spectrum have 
the same atomic resolution as the Z-contrast image. In 
order to achieve this atomic resolution, the range over 
which a fast electron can cause an excitation event must 
be less than the interatomic spacing. Hydrogenic models 
(Ritchie and Howie, 1988; Allen and Rossouw, 1990) 
show that for the majority of edges accessible by con- 
ventional energy-loss spectrometers (AE <2 keV) the 
object functions are localized within 0.1 nm of the atom 
cores (Pennycook et al., 1995; Browning and Pennycook, 
1996; Holbrook and Bird, 1995). Hence, like the 
Z-contrast image, we have an object function localized 
at the atom cores and an experimental probe of atomic 
dimensions. For crystalline materials in zone-axis orien- 
tations, providing we maintain a large collection angle 
(15-30 mrad), coherent effects will be averaged and the 
description of the spectrum in terms of a convolution of 
the probe with an object function is valid (Fig. 2). An 
important aspect of this experimental approach is that 
the probe channeling discussed for Z-contrast imaging 
will also preserve the spatial resolution of the energy loss 
spectrum, thereby allowing atomic resolution analysis to 
be achieved even with these large collection apertures. 

This correlation of the image and the spectrum allows 
the image to be used as a structural model to interpret 
the fine-structure of the energy loss spectrum. There are 
several methods which may be employed to do this. The 
simplest approach is to assign the various features to 
molecular orbitals formed by the interaction of an atom 

with its nearest neighbors (Tossell, 1973). Molecular- 
orbital theory uses group theory to produce molecular 
orbitals from a linear combination of atomic orbitals. 
However, group theory relies heavily on the symmetry 
of a molecule and therefore does not cope well with 
low symmetry structures such as those found at grain 
boundaries. This approach also becomes very clumsy to 
apply to anything but the smallest cluster of atoms and 
so potentially significant contributions to the electronic 
structure from second and third neighbor atoms are 
difficult to include. The use of the symmetry-projected 
density of states as derived from band structure calcula- 
tions (Rez, 1992) is at the other end of the analysis scale. 
Although such calculations potentially provide the most 
accurate representation of the band-structure, they also 
rely heavily on the symmetry of a system. While tech- 
niques which allow band structure calculations to be 
applied to disordered structures have been developed, 
they require the use of very large unit cells containing 
many atoms with periodic boundary conditions. As a 
result of these considerations the computation time for 
such calculations is prohibitive. 

An alternative method of spectrum interpretation is 
through multiple scattering calculations. This methodol- 
ogy was originally developed for near-edge structure 
interpretation in X-ray absorption spectroscopy 
(XANES) (Koningsberger, 1987). Application to elec- 
tron microscopy is possible since the theory of ELNES 
and XANES are exactly analogous; the absorption 
processes are identical--only the radiation used to excite 
the atoms is different. Multiple scattering calculations 
model the density of states by considering the scattering 
of the excited photoelectron from neighboring atoms. 
The different paths which may be taken by a photoelec- 
tron alter the matrix elements for a particular transition 
due to the constructive or destructive interference which 
occurs between the outgoing and returning photo- 
electron wave (Fig. 3). In effect, the resultant spectrum 
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Fig. 4. (a) and (b): Z-contrast images of two regions along the same CdTe/Si interface. 

may be described as a simple absorption edge of hydro- 
genic form, due to an isolated atom, with intensity 
modulations due to the structure of the solid (Fig. 3). i.e. 
the absorption a(E) is given by 

composed of atoms which lie between two radii about 
the excited site. The order of scattering is controlled 
simply by placing an upper limit on the number of 
scattering events which are allowed. 

a(E)=%(E)[1 + ~_Xn(E)  ] (1) 

where ao(E) is the atomic absorption and Xn(E) is the 
multiple scattering signal of order n (n>l) which con- 
tains all the structural information (Benfatto et al., 
1986). Since this description of the density of states is 
based on a real space cluster of atoms, several unique 
opportunities are presented. The lack of symmetry no 
longer seriously affects the calculation and the effects of 
dopant atoms on ELNES may be simply investigated by 
substituting atom types within the cluster and recalcu- 
lating the scattering. Additionally, by limiting the order 
of the terms included in the summation and the allowed 
scattering paths, the structural origins of particular 
features in the spectrum may be determined. Multiple 
scattering therefore allows spectral changes to be 
directly interpreted in terms of structural changes, and is 
ideal for the study of interlaces. 

The multiple scattering calculations shown here were 
performed using commercial FEFF6 codes (Rehr et al., 
1992). These codes use the overlapping-atom prescrip- 
tion of Mattheiss (1964) to model the atomic potential 
within the muffin tin approximation. From the resulting 
potential, scattering phase shifts and matrix elements are 
calculated. Core-hole effects are included using the 
(Z+I)* approximation (Brydson et al., 1992) where * 
denotes the excited atom. The curves shown are cali- 
brated by alignment of the first spectral feature with 
experiment and broadening of 1 eV is added to allow 
direct comparison with experimental spectra. For the 
purposes of the calculation, the atomic clusters are 
divided into shells of atoms where a single shell is 

APPLICATIONS 

All of the experimental energy loss spectra presented 
in this paper were obtained using a 100kV VG 
HB501UX dedicated STEM. This microsoope is fitted 
with a CCD based EELS detection system based on 
the design of McMullan et al. (1990). The optimum 
probe size for this microscope is 0.22 nm. Some of the 
Z-contrast images presented were obtained from a VG 
HB603U dedicated STEM, with a 0.126 nm optimum 
probe size. 

Atomic resolution compositional profiles 

The most straightforward application of the EELS 
and Z-contrast techniques is in determining composition 
profiles at heterophase interfaces. Heterophase inter- 
faces are of particular importance in the MBE growth of 
advanced optoelectronic devices, where the nucleation 
of dislocations at the film-substrate interfaee can signifi- 
cantly limit device performance. One optoelectronic 
material of current interest is HgCdTe. In this material, 
the band gap can be tailored by the concentration of Hg, 
giving it applications as X-ray and 7-ray detectors and 
also in solar cell technology. An intriguing feature 
of this material is that it can be grown by MBE on Si 
substrates with a film quality comparable to bulk 
crystals, despite a 19.3% lattice mismatch (Chen et al., 
1995). This result is contrary to conventional ideas of 
heteroepitaxy, which suggest that such a large mismatch 
must inevitably lead to the nucleation of dislocations. 
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To investigate the mechanism which allows this single 
crystal growth, the film-substrate interface in the 
CdTe/Si system has been examined using Z-contrast 
imaging in a VG HB603U STEM and EELS in the VG 
HB501UX STEM. Fig. 4 shows Z-contrast images taken 
at different points along the same filrrdsubstrate inter- 
face. The CdTe film is easily identified since its atomic 
number is much higher than the Si substrate, giving it 
greater image intensity. The 0.126 nm spot size available 
in the HB603 STEM allows the atomic features in the 
[110] projection known as 'dumbbells' to be resolved in 
both silicon and CdTe. On careful inspection, the 
polarity of the CdTe dumbbell may be discerned in the 
bulk of the film. This polarity is constant right up to 
the CdTe/Si interface, showing that the film is Te 
initiated at the substrate. Comparing these images, two 
important features of the CdTe/Si interface become 
clear. Firstly, the Si termination differs by one mono- 
layer but the orientation of the CdTe film remains the 
same. This demonstrates that the atomic structure of the 
Si surface is not controlling the epitaxial orientation; 
otherwise, the 90 ° rotation in symmetry of the substrate 
surface as it crosses a single height step would result in 
multi-domain growth. Secondly, it is clear that both 
interfaces are perfectly incommensurate, with no sign of 
localized dislocation cores. This is indicative of weak 
film/substrate bonding, and consistent with the large 
(~0.32 nm) spacing between the last Te plane in the film 
and the first plane of the substrate. 

In the experimental Z-contrast images, atomic 
columns immediately below the film are seen to be 
bright, suggesting a significant concentration of a heavy 
element has substituted on to Si lattice sites. This 
element is confirmed to be tellurium by EELS spectra 
collected from the individual planes labeled in Fig. 4. 
The characteristic Te M45 core loss edge at 572 eV is 
detected approximately 4 planes into the Si surface, 
whereas the Cd core edge at 404 eV is only seen in the 
film (Fig. 5). This demonstrates that diffusion of Cd is 
extremely limited and also that the spatially extended Te 
signal does not occur due to instrumental or delocaliz- 
ation effects (Pennycook et  al., 1995). Additionally, Te is 
seen to be substitutional in both of the projections 
(Fig. 4), and due to its large size is presumably the origin 
of the extended dumbbell terminating the substrate with 
an interatomic spacing of 0.18 nm, larger than the 
0.136 nm for bulk Si below. Some distortion of these 
lattice sites parallel to the interface is also seen in Fig. 4. 
This structure is in excellent agreement with STM 
studies of monolayer coverages of Te on Si(001) surfaces 
(Yoshikawa et  al., 1994). 

An indication of the nature of the bonding between Si 
- Te and Te - Te at this interface is provided by ab initio 
charge density calculations for the compound SiTe 2, 
performed using the Cerius 2 code by Molecular Simula- 
tions Inc (Fig. 6). The bonding between Si and Te atoms 
is strongly directional, whereas the charge density be- 
tween sheets of Te atoms is very low, indicating a 
non-directional Van der Waals interaction. Since the 
interplanar spacing of neighboring Te layers (0.315 nm) 
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Fig. 5. Electron energy loss spectra collected from individual 
planes parallel to the CdTe interface. The numbered spectra 

correspond to the planes labeled in Fig. 4. 

is similar to the distance between the Te terminated 
substrate surface and the first Te layer in the film, it 
would appear that during the MBE growth, the Te layer 
at the Si surface removes the strong directional bonding 
of the substrate allowing a free alignment of the CdTe 
layer immediately above it. This growth mechanism is 
known as graphoepitaxy or Van der Waals epitaxy, and 
results in the film having dislocation concentrations 
comparable to bulk crystals of CdTe (Wallis et al., 
1997a). Based on these results, it appears likely that the 
growth of other high quality single crystal films could be 
achieved through this mechanism. In particular, other 
group VI elements may also be effective in capping the 
substrate surface, allowing a range of II-VI compounds 
to be grown. It is also possible that such compounds 
may be used as buffer layers for the epitaxial growth of 
other materials, such as GaN, on dissimilar substrates. 
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Fig. 6. Charge density plot for the layered SiTe 2 structure. Strong directional bonding is seen between Si and Te. The chargd density 
between neighboring Te planes is very low indicative of Van der Waals type bonding. 

Local chemistry fluctuations 

Iron organometalic compounds have been shown to 
suppress carbonaceous soot emissions under certain 
conditions and are used as additives in combustion 
applications to control the production of combustion 
generated particulates. Practical applications of this 
technology include the production of carbon black, the 
base material for rubber, and the control of pollutants 
escaping from military engines during fighter jet flight. 
However, the extensive use of fuel additives is hindered 
by the lack of knowledge about the exact mechanism of 
soot control. Experimental observations are limited by 
the obvious extreme conditions present during com- 
bustion and the fact that the additives are invariably 
encased in a thick carbonaceous matrix. Recently, small 
particles produced by the combustion process have been 
collected onto holey carbon covered copper grids from 
known positions in the flame using a thermophoretic 
sampling technique (Dobbins and Megaridis, 1987). 
This technique uses the thermophoretic forces created by 
introducing a cold surface into the hot gasses of the 
flame to force Fe particles onto the surface of the sample 
grid. The apparatus consists of a pneumatic cylinder 
which allows a probe to be inserted into the flame at a 
precise position and for a known length of time (typi- 
cally of the order of 50 ms). Once on the grid the 
particles can be examined in the STEM. 

Figure 7 shows low magnification Z-contrast and 
bright field images for particles collected from the region 
just above a flame tip, i.e. oxygen rich environments. It 
can be seen that these particles have a wide size distri- 
bution with particles ranging from about 50 nm down to 
1 nm in diameter• The majority of particles are at the 
lower end of this size range and it is interesting to note 
that the smallest of the particles are barely seen in 
standard bright field imaging. These particles are pre- 
dominantly soot-free except for a very thin (<1 nm) 
layer of carbon which can seen as a halo around the 

larger particles in the bright field images i Using the 
Z-contrast image to define accurately the pr0be position, 
EELS spectra have been collected from the center and 
surface of individual particles (Fig. 8). Significant 
changes at both the iron L23-edge and i the oxygen 
K-edge from the center of the particles to tt~eir edge are 
seen. This change in intensity ratio of !he L 3 and 
Lz-edges may be correlated to a change in oxidation 
state of the iron. In practice, since the whit+ lines sit on 
top of the contribution from transitions t o continuum 
states, measurement of the white line inter~sity ratio is 
non-trivial. However, applying two different methods 
described in the literature (Colliex et al., 1991; Pearson 
et al., 1988), the ratio of L3/L 2 is consistent with the 

• . I 

center of the particles being more oxidized than the 
surface. The same result is obtained from analysis of 
the pre-edge structure of the Oxygen K-+dge (Wallis 
et al., 1996). While this seems a counter intuitive result, 
it should be remembered that each of th~ particles is 
encased in a carbon 'skin', and similar resul]ts have been 
observed for LaC 2, YC2, a-Fe and Fe3C particles encap- 
sulated in carbon cages (Saito et al., 1993). Atomic 
resolution Z-contrast images of the particles acquired 
using the VG HB603U imply that the center of the 
particles do consist of Fe20 3 as suggested by the EELS 
spectra. Fig. 9 shows lattice fringes consistent with the 
tetragonal phase of iron oxide, maghemite. While it is 
dangerous to draw any definite conclusions ;by matching 
spacings to a crystal structure, the consistency with the 
EELS results is gratifying. For many of the observed 
particles, phase boundaries similar to that Seen in Fig. 9 
are seen, indicating growth by the merger of two smaller 
particles. 

Particles collected from oxygen-lacking regions within 
the flame are found to be very different from those 
collected above the flame. The particle size distribution 
is much narrower than the post-flame sample and the 
most probable particle size is also larger at about 10 nm. 
It can also be seen that the iron particles are contained 
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Fig. 7. Low magnification images of particles collected above the flame. (a) and (c) Z-contrast images, (b) and (d) bright field 
images. The small particles arrowed in (a) and (c) can not be seen in (b) and (d). A halo due to a fine layer of carbon may be seen 

around the large particle in (d). 
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Fig. 8. (a) Iron L23-edges for the center and edge of a particle collected from above the flame. (b) Oxygen K-edges for the center 
and edge of a particle collected from above the flame. The intensity scales are off set for clarity. 
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Fig. 9. Atomic resolution Z-contrast image of a Fe203 Particle collected from above the seeded flame. A phase boundary is! arrowed 
arrowed in the upper left region of the image. 

in a thick carbonaceous soot matrix. No oxygen was 
detected in these particles using EELS and the soot 
matrix was confirmed to be carbonaceous with little or 
no atomic iron present in it. Atomic resolution images of 
the particles contained within the soot (Fig. 10) also 
suggest that they are not iron oxide or pure iron since 
the spacings observed in the particles do not correlate 
with those of  any iron oxide or pure iron phase. A 
possible candidate element for inclusion in these par- 
ticles is obviously carbon due to its abundance in the 
soot matrix. However, the spacings seen in Fig. 10 could 
not be used to uniquely identify any single phase of 
iron carbide, which may indicate that the particles 
contain a significant amount  of hydrogen and may thus 
be composed of  an iron hydrogen carbide. However, the 
exact phase of this material could not be identified and 
it is likely that several different phases are present in 
these particles. 

The fact that the interior of the emitted particles is 
found to consist completely of  Fe20 3 and  contains no 
carbon provides strong evidence that i ron  catalytically 
enhances the oxidation of carbon into gaseous CO and 
CO 2 and therefore reduces soot formation (Zhang and 
Megaridis, 1994). A possible route for th~s reaction is 
that the iron is first oxidized, gaseous carbon com- 
pounds condense onto the particle surface, and finally 
iron is reduced by carbon to form gaseous CO or CO2. 
Such a sequence of reactions has been shown to be 
thermodynamically favorable in flame environments 
(Sturgen et al., 1976). 

3-D structural analysis of  interjdces 

The final application of  these correlated techniques to 
be discussed is the use of  the energy loss spectrum to 
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Fig. 10. Z-contrast image of a particle collected from the interior of the flame. 

determine the 3-dimensional atomic structure of grain 
boundaries. In this case the Z-contrast image is used 
more than to just position the probe for microanalysis. 
As will be shown, the correlation of the spectral and 
image information leads to a determination of the grain 
boundary structure at a level not possible by either 
technique alone. Such determinations can account for 
the bonding at the interface and the presence of atomic 
vacancies. 

(210) Symmetric [001] tilt boundary in TiOe 

Figure 11 shows a Z-contrast image of the Z5 (210) 
tilt grain boundary in TiO z (rutile). The direct image 
provided by the Z-contrast technique makes it straight- 
forward to propose a structure for the interface. How- 
ever, interface models based only on this Z-contrast 
image must account for the fact that the Rutile crystal 
contains two Ti sub-lattices which are related to each 

other by a translation of 1/2[111] and a rotation of 90 °. 
If the Ti at position (0,0,0) is labeled A and the Ti at 
position (1/2,1/2,1/2) labeled B, there are three possible 
structures for the interface plane consistent with the 
Z-contrast image; AA, BB and AB (Fig. 12). As the 
information present in the image is simply a 2-D projec- 
tion of each Ti sub-lattice it is impossible to distinguish 
between the models from the image alone. Electron 
energy loss spectroscopy from the interface region 
allows this ambiguity in the interface structure to be 
resolved. Figure 13 shows experimental Oxygen K-edge 
spectra and titanium L-edge spectra from the bulk and 
the interface. The comparison of the two spectra in each 
case shows very little change. It therefore appears that 
the bonding at the interface is very similar to the bulk. 
This is consistent with the AB interface shown in Fig. 12. 

The assignment of the AB interface as consistent with 
both the image and the spectrum can be confirmed 
by multiple scattering analysis (Wallis et al., 1997b). In 
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Fig. 11. Z-contrast image of a E5 (210) tilt grain boundary in TiO~. 
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Fig. 12. Model structures for a symmetric (210) grain boundary in TiO~. 

Fig. 14, the expected energy loss spectrum for 2-fold, 
3-fold and 4-fold coordinated oxygen is compared to the 
experimental spectrum from the interface. It can be seen 
that the expected spectrum from 2- and 4-fold coordi- 
nated oxygen is considerably different from the 3-fold 
spectrum and the experiment. The 3-fold coordinated 
spectrum shows good agreement with the experiment 
except for the splitting of the first peak. This peak is due 

to transitions to states involving the Ti 3d levels and the 
splitting of these states occurs as a result of the effects of 
the anisotropic crystal field at the atomic sites (i.e. 
crystal field splitting). Since the multiple scattering 
calculations are performed within the muffin tin 
approximation, spherical symmetry is imposed and the 
calculations cannot reproduce this splitting. However, it 
is well known that the multiple scattering technique is 
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Fig. 13. (a) Oxygen K-edge spectrum collected by scanning the electron probe along the boundary plane. Also shown is a spectrum 
for bulk TiO2 and a comparison between bulk and boundary spectra. (b) Ti L23-edge collected by scanning the electron probe along 

the boundary plane. Also shown is a bulk Ti L23-edge and a comparison of the two spectra. 
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Fig. 14. (a) Multiple scattering calculations modeling the effects 
of (i) 2-fold coordination, (ii) 4-fold coordination and (iii) 
3-fold coordination. Also shown is the experimental spectrum 

for comparison. 

more accurate further away from the threshold and 
interpretation of the other peaks in the spectrum is not 
invalidated by the inability to reproduce the first peak. 

45 ° Asymmetr ic  [001] tilt boundary in SrT iO 3 

Figure 15 shows the Z-contrast image and schematic 
structure of a 45 ° asymmetric [001] tilt grain boundary in 
SrTiO3. Positions where the atomic columns appear too 
close together are highlighted in the schematic. These 
atomic positions are known to be real features in the 
image and have been postulated to be partially occupied, 
thus avoiding the problems of like ion repulsion 
(McGibbon et al., 1994). This partial occupancy hy- 
pothesis can be tested by multiple scattering analysis 
(Wallis and Browning, 1997). The oxygen K-edge 
spectra and titanium L-edge spectra obtained from the 
bulk and boundary are shown in Fig. 16 (Browning and 
Pennycook, 1996). The titanium spectrum from the 
interface shows no change from the bulk spectrum. 
From this it can be determined that the valence and 
coordination of the titanium atoms at the boundary 
remains unchanged• The changes in the oxygen edge are 
slight, but visible on all the main peaks in the spectrum• 

The multiple scattering simulation of the experimental 
bulk oxygen spectrum is found to reproduce the five 
main peaks and their relative intensities for an 8 shell 
cluster containing 99 atoms (Fig. 17). The fact that the 
intensities of some of the peaks require such a large 
cluster to be fully reproduced indicates that they are 
sensitive to long range order (particularly peak a). It is 
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Fig. 15. (a) Z-contrast image of  a 45 ° asymmetric [001] tilt boundary in SrTiO 3 (b) schematic of  the boundary structure showing 
the presence of partially occupied sites. 
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Fig. 16. (at Ti L23-edge spectrum from the bulk and boundary, (b) Oxygen K-edge spectrum from the bulk and:boundary.  
Experimentally spectra have been acquired in a scan across the boundary in single unit cell steps. Two spectra are recorded in each 

position to measure any beam damage effects. Here, a single spectrum from the bulk and the boundary are shown for clarity. 

therefore not surprising that the presence of the grain 
boundary would destroy this long range order and have 
an effect on the spectrum. However, using the multiple 
scattering formulation, it is possible to go a step further 
in the analysis of the spectrum and begin to address the 
presence of lattice vacancies in the boundary core. Such 
vacancies will have a markedly different effect on the 
fine-structure than distortions of the lattice. Distortions 
will generally broaden peaks by destroying the sym- 
metry. Vacancies on the other hand will completely 
remove scattering paths that can lead to an enhancement 
or reduction in the intensity of a particular feature 
(depending on whether the scattering event would lead 
to destructive or constructive interference). Figure 17 
shows the effect on the bulk spectrum of the removal of 
titanium, strontium and oxygen atoms from the cluster. 
It is apparent from these simulations that vacancies of 
different species have noticeably different effects on the 
spectrum. 

Having determined the effect of vacancies on the 
oxygen K-edge spectrum, we are now in a position to 
interpret the changes seen in the experimental spectrum 
from the grain boundary. Figure 18 compares the 
changes seen experimentally with the changes in the 

oxygen K-edge spectra obtained from two clusters. The 
first cluster contains the bulk structure of SrTiO3, While 
the second cluster contains 4 oxygen vacancies. This 
number of vacancies reproduces the changes in the 5 
peak positions and intensities seen experimentally by 
moving from the bulk to the boundary. At first glance it 
is not obvious why the experimental spectra are repro- 
duced by the incorporation of oxygen vacancies when 
the image infers partial occupancy of the titanium sites. 
However, we know from the titanium L-edge spectrum 
that even with partial occupancy the t~tanium atoms 
must maintain the bulk valence and coordination. The 
only way for this to occur at the boundary is for the 
partially occupied titanium columns to be accompanied 
by oxygen vacancies. 

CONCLUSIONS 

The combination of EELS and Z-contrast imaging in 
the STEM can be used to determine the  structure, 
composition, chemistry and bonding of materials with 
atomic resolution and sensitivity. Such capabilities 
make it possible to investigate the structure-property 
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Fig. 18. Comparison of experimental and simulated spectra 
from the bulk (dashed line) and boundary (solid line). The 
experimental shift in peak positions and intensity changes are 
best modelled by considering the presence of 4 oxygen vacan- 

cies in the cluster. 

relationships of materials and devices on the fundamen- 
tal atomic scale. The application of these techniques in 
the STEM avoids the problems of lens aberration, signal 
coherence, low-signal, beam damage and specimen drift 
associated with energy filtered TEM images and spec- 
trum images in STEM. The limit to the resolution of 
these techniques for crystalline materials is the probe 
size. While a probe small enough for atomic resolution 
has been a capability unique to VG microscopes, the 
recent development of sub-  0.2 nm probes in commer- 
cially available 200kV Field-emission TEM's from 
other manufacturers suggests the use of these techniques 
will become more widespread. 
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